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BACKGROUND: Despite the considerable progress made in the treatment of diabetes mellitus, 
vascular damage remains the leading cause of patient death. The mechanisms underlying 
vascular abnormalities in obesity and diabetes mellitus remain to be elucidated and may be the 
main cause of β-cell death. In addition, the detailed description of islet microvasculature in the 
pancreas is lacking in the literature; therefore, a better understanding of the characteristics of the 
blood vessel and the factors that maintain β-cell function is needed in clinical practice. 
OBJECTIVE: To describe the spatial distribution and histomorphology of islet microvasculature 
under the effect of hyperglycaemia in two experimental diabetic models. 
METHODS: Eight week old male Wistar rats (n=50) were divided into two groups that received 
either a standard diet (RAC) (n=20) or a high-fat diet (HFD) (n=30) for two weeks. By the end of 
the two weeks, altered glucose uptake was confirmed in the HFD group by an oral glucose 
tolerance test (OGTT). A subgroup (RAC / STZ) of the RAC group (n=10) and another (HFD / 
STZ) of the HFD group (n=10) then received 50 and 35mg/kg of body weight (BW) of 
streptozotocin (STZ) to induce type I diabetes mellitus and type II diabetes mellitus, respectively. 
They were kept diabetic for an additional eight weeks. The body weight and blood glucose (BGL) 
of the animals were recorded throughout the experimental period (88 days). 
Blood was collected for flow cytometry and Luminex assay before half the number of animals 
were sacrificed for pancreatic tissue collection for histological procedure. The remaining half was 
used to replicate (cast) the pancreatic vasculature by perfusion with polyurethane-based casting 
resin (PU4ii). Haematoxylin and Eosin (H&E) stained sections were used to assess the general 
morphology of pancreatic tissue. Methenamine silver and immunostaining using CD34 antibody, 
delineated the basement membrane and endothelial cells, respectively, of islet microvasculature.  
A digital camera and a nano-computed tomography (nano-CT) scanner made it possible to 
generate digital and 3D images. Quantitative evaluation of topographic morphometric parameters 
of the pancreatic vascular network in the duodenal and splenic regions of the pancreas in each 
experimental condition was performed using the imageJ and Volume Graphics VGStudioMax 
3.0®. Reconstruction of the pancreatic vascular network was attempted using the vascular tree 
scale laws. 
RESULTS: A significant increase in the mean body weight was accompanied by a slight increase 
in mean BGL within 2 weeks in HFD. Streptozotocin caused the development of two diabetic 
models with all clinical symptoms (polyuria, polyphagia, high BGL (> 28mmol/L) and a significant 
decrease in body mass in both diabetic groups (26.68% and 15.54% in RAC / STZ and HFD / 
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STZ respectively). The results of the flow cytometry and the Luminex assay validated the 
presence of islet vascular lesions in animals, which also justified the significant necrosis of 
endothelial cells, a decrease (p<0.05) in the mean percentage of the stained area of CD34 pixels 
in islets, and thickening of the basement membrane. The scaling law was used to obtain the 
relationships between 1) the length and volume of the pancreatic vascular tree up to capillary 
level (R2=0.693±0.053), 2) the diameter of the lumen and the blood flow in each pancreatic 
vascular branch (R2=0.988±0.055), and 3) the diameter and length of the branches of the vessels 
(R2=0.838±0.0123). 
CONCLUSION: This investigation has established detailed morphological features of the 
vasculature of the pancreas in the duodenal and splenic regions in normal and diabetic rat models. 
There were large differences in the structure of the pancreatic vasculature between the two 
regions appearing to be dictated by metabolic demand. However, there are still challenges in 3D 
visualisation of the capillary networks of the pancreatic vascular tree, which was the main 





AGTERGROND: Ten spyte van aansienlike vooruitgang in behandeling van diabetes mellitus, 
bly vaskulêre skade die hoof oorsaak van pasiënt sterftes. Die meganismes onderliggend aan 
vaskulêre abnormaliteite in vetsugtigheid en diabetes mellitus moet uitgelig word, want dit mag 
die hoof oorsaak van afsterwing van β-selle wees. Tesame hiermee, is daar ook ‘n gebrek aan ‘n 
breedvoerige beskrywing wat handel oor die mikrovaskulatuur in die pankreas in die literatuur; 
met ander woorde, verbetering in kennis van die eienskappe van die bloedvate en die faktore wat 
β-sel funksie handhaaf, word in die kliniese praktyk benodig. 
DOELWIT: Om die effek van hiperglisemie op die ruimtelike verspreiding en histomorfologie van 
eiland mikrovaskulatuur in twee eksperimentele diabetiese modelle te beskryf. 
METODES: Agt weke oue manlike Wistar rotte (n=50) is vir twee weke volgens die rotte se diëte, 
onderskeidelik ‘n standaard (RAC) dieët (n=20), en ‘n hoë vet (HFD) dieët (n=30). ‘n Verminderde 
glukose opname is na twee weke in die HFD groep bevestig deur gebruik te maak van ‘n orale 
glukose toleransie toets (OGTT). ‘n Subgroep van die standaard dieët (RAC/STZ) (n =10) en die 
hoë vet dieët (HFD/STZ) (n=10), het daarna 50 en 35mg/kg liggaamsgewig (BW) Streptozotocin 
(STZ) ontvang om tipe I diabetes mellitus en tipe II diabetes mellitus, onderskeidelik, te induseer. 
Die rotte is vir ‘n verdere agt weke in ‘n diabetiese toestand gehou. Daar is deur die 
eksperimentele periode (88 dae), rekord gehou van die liggaamsmassa en bloedglukosevlakke 
(BGL) van die diere. 
Bloed is vir sitometrie en Luminex bepaling getrek voor die helfte van die aantal diere geoffer is 
vir verkryging van pankreasweefsel vir histologiese prosedures. Deur gebruik van perfusie met ‘n 
poliuretraan gebaseerde giet hars (PU4ii) is weefselafgietsels van die bloedvate van die pankreas 
in die oorblywende helfte gemaak. Hematoksillien en Eosien (H&E) kleuring is gebruik om die 
algemene morfologie van die pankreasweefsel te bepaal. Met behulp van Methenamine silver, en 
immunositochemiese kleuring met behulp van CD34 teenliggame, is die basaalmembraan en 
endoteelselle van die eiland mikrovaskulatuur, onderskeidelik, geïllustreer. 
‘n Digitale kamera en nano-CT skandeerder het dit moontlik gemaak om digitale en 3D beelde te 
skep. Met behulp van ImageJ en Volume Graphics VGStudioMax 3.0® is kwantitatiewe 
evaluering van topografiese morfometriese kenmerke van die vaskulêre netwerk in die duodenale 
- en spleniese areas van die pankreas in elke eksperimentele toestand gedoen. Vaskulêre boom 
skaaltoepassings is gebruik vir rekonstruksie van die vaskulêre netwerk van die pankreas. 
RESULTATE: In diere met ‘n hoë vet dieët (HFD) is binne 2 weke ‘n betekenisvolle toename in 
gemiddelde liggaamsmassa, asook ‘n geringe toename in gemiddelde bloedglukosevlakke 
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(BGL), waargeneem. Na toediening van Streptozotocin is twee diabetiese modelle wat alle 
kliniese simptome insluit (poliurie, polifagie, hoë bloedglukosevlakke (>28mmol/L) ontwikkel, 
asook ‘n betekenisvolle afname in liggaamsmassa in beide diabetiese groepe (26.68% en 15.54% 
in RAC / STZ en HFD / STZ, onderskeidelik). Resultate na vloeisitometrie en Luminex bepaling 
het die teenwoordigheid van vaskulêre letsels in die eilande van die diere, asook betekenisvolle 
nekrose in endoteelselle, ‘n afname (p<0.05) in die gemiddelde persentasie in die area met CD34 
kleuring in die eiland, en verdikking van die basaalmembraan, bevestig. Skaaltoepassings het die 
verhouding tussen 1) die lengte en vaskulêre volume van die vaskulêre boom van die pankreas 
tot op kapillêre vlak (R2=0.693±0.053), 2) die deursnit van die lumen en bloedvloei in elke 
vaskulêre tak in die pankreas (R2=0.988±0.055), en 3) die deursnit en lengte van die takke van 
die bloedvate (R2=0.838±0.0123), bevestig. 
KONKLUSIE: Hierdie navorsing het gedetailleerde morfologiese eienskappe van die vaskulatuur 
van die pankreas in beide die duodenale en spleniese gedeeltes in normale en diabetiese 
rotmodelle bevestig. Daar bestaan groot verskille in die struktuur van die bloedvate tussen die 
twee gebiede in die pankreas, wat klaarblyklik metaboliese aanvraag weerspieël. Daar is egter 
nog uitdagings in 3D beelding van die kapillêre netwerke in die vaskulêre boom van die pankreas. 
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CHAPTER 1: INTRODUCTION 
1.1 BACKGROUND 
Diabetes mellitus (DM) is a metabolic disease that affects millions of people around the world, 
regardless of age, gender, and social background (Mbanya et al., 2010). A recent report by the 
International Diabetes Federation (IDF) postulated that Africa would experience the largest 
increase in the prevalence of diabetes over the next 20 years (Peer et al., 2014). It is calculated 
that up to 69.2% of diabetes cases in Africa remains undiagnosed in 2015 alone (Pheiffer et al., 
2018). In 2009, more than two million South Africans were diagnosed with diabetes, representing 
one of the highest incidences in the sub-Saharan region (Pheiffer et al., 2018). 
Governments have developed several strategies to alleviate this burden. These range from 
preventive methods (Manyema et al., 2015), early diagnostic techniques (McLennan, 1998) to 
therapeutic and basic care systems for patients (McDuffie et al., 2001). Despite remarkable 
progress in the treatment of DM, vascular complications such as vascular neuropathies (Sowers, 
Epstein & Frohlich, 2001; Nathan et al., 2005) have been associated with long-term diabetic 
conditions (Sowers et al., 2001; Nathan et al., 2005). The high mortality rate associated with 
cardiovascular complications accompanying diabetes underscores the need to strengthen 
understanding of the main causes and progression of the disease (Bhupathiraju & Hu, 2016). 
Type 1 (T1DM) and Type 2 (T2DM) DM are the two most common types of DM in Africa (Mbanya 
et al., 2010). In T1DM, the lack of insulin production is due to the autoimmune destruction of beta 
cells (β-cells) (Cao & Wang, 2014), whereas, in T2DM, the non-responsiveness of body tissues 
to insulin action leads to high blood glucose levels. Both diabetes types are characterised by a 
high fasting blood glucose level (hyperglycaemia) (Van Belle et al., 2011) which is thought to be 
deleterious to the endothelial capillaries within the islets of Langerhans (Li et al., 2006; Tal, 2009). 
The intra-islet capillaries, which are the interface between blood and the islet cells, play an 
important role in the physiology and pathology of the endocrine pancreas (Favaro et al., 2005). 
Beta cells are important cellular components of the endocrine pancreas and its functions are 
highly dependent on blood perfusion through its microvasculature (Nyman et al., 2010), governed 
by the vascular networking, structure and haemodynamic forces within the micro-organ. 
Despite the link between cardiovascular diseases and DM, studies aiming at improving outcomes 
of diabetic patients have devoted most effort to effective insulin production and sensitivity (Herold 
et al., 2009; Kars et al., 2010; Keenan et al., 2010), and β-cell replacement therapy (Johnson, 




microvascular system under normal and pathological conditions have been neglected. The 
prompt availability of insulin in the blood, when secreted by pancreatic β-cells and its action on 
the peripheral tissues, is notable in the physiological state compared to slower exogenous insulin 
injected subcutaneously (Sanlioglu et al., 2013). Questions about the pattern and physico-
mechanical properties of islet blood flow under diabetic conditions remain unanswered. 
1.2 ROLE OF ISLET STRUCTURE AND CELLULAR INTERACTIONS 
Glucose is one of the metabolites that accumulate rapidly in the blood after digestion and its levels 
must be regulated. Immediately after a meal, the level of digested food end-products such as 
monosaccharides, short peptides, amino acids and triacylglycerols begin to increase in the blood. 
This activates β-cells to secrete insulin that acts on other organs to absorb these metabolites from 
the bloodstream (Suckale & Solimena, 2008). At the same time, the increased level of insulin in 
the blood rapidly reduces the release of these metabolites from storage organs such as the liver 
and adipose tissues. In humans, the level of glucose in the blood must be maintained between 
3.5 and 7 mmol/L and each time this concentration is radically altered, several cell types, 
especially the endothelial cells (ECs) are destroyed (Brownlee, 2005). However, to maintain the 
regulation of these metabolic processes and manage the environmental changes appropriately, 
islet cells must communicate with each other and with other cells. 
In addition to β-cells, the islet is composed of several other cell types and their distribution varies 
within regions of the pancreas (Mattsson, 2004; Longnecker, 2014). Most metabolic processes in 
the body require good intercellular communication and the endocrine pancreas is one of the best 
examples of tissue whose function depends entirely on the type of intercellular communication 
that occurs (Samols & Stagner, 1990). 
The inter-islet cells communication and the communication between islet cell and other distant 
cells are made via the microvasculature of the islet of Langerhans (Samols & Stagner, 1990; 
Brunicardi et al., 1996). These communications have a direct impact on the function and 
regulation of endocrine hormones (Stagner & Samols, 1986). The type, volume and direction of 
blood perfusion within the islet themselves are key factors in determining the individual islet cell 
function (Kawamori et al., 2009). 
In tissues of vertebrates, cells are located from one another within a radius of 50–100 micrometres 
(μm) of a capillary. The mechanism that ensures that the system of blood vessels ramifies to 
maintain this principle is not well understood (Alberts et al., 2007). Under certain physiological 
and pathological conditions such as in obesity and DM, tissue components are altered, resulting 




vessel networking and structure adjust to cater for the new physico-spatial environment. Factors 
determining the flux of blood to the tissue must therefore be looked at, to evaluate how the body 
system adjusts when facing these physiological shifts (Dai et al., 2013). 
It is worth noting that vascular function such as tissue perfusion and peripheral resistance reflect 
continuous structural remodelling of blood vessels in response to several stimuli in an attempt to 
replenish oxygen and nutrient supply under diabetic and obese conditions. For example, an 
increase in vessel diameter with increased wall shear stress and an increase in wall mass with 
increased circumferential stress is required to ensure stable vascular adaptation. Several studies 
have been conducted to validate these changes in other tissue vascular networks under different 
physiological and pathological conditions (Aiello & Wong, 2000; Folkman, 2002; Alberts et al., 
2007; Duh et al., 2017). However, little work has been done on the pancreas (Dai et al., 2013), 
one of the body's most important organs for its role in glucose metabolism and its implication in 
the development of DM. 
1.3 STRUCTURAL AND PANCREATIC REGIONAL DIFFERENCES ASSOCIATED WITH 
BLOOD SUPPLY 
Macroscopically, the pancreas is divided into three main regions, the head, the body and the tail. 
The islet distribution and size differs in each region of the pancreas (Gray, 1989). The duodenal 
part of the pancreas (head) is more vulnerable to pancreatic diseases such as DM (Wang, et al., 
2013) and cancer (Daniel et al., 2010). A recent study identified two types of islets within the 
pancreatic tissue: islets that are more vascularised and vulnerable to β-cell death induced by the 
inflammatory cytokines or hypoxia in vitro, and those with less proliferative β-cells (Olsson & 
Carlsson, 2011). These findings reveal for the first time, the other side of the vascularisation coin 
(In’t Veld & Lammert, 2015). However, whether this islet vascularisation difference is associated 
with regions of the pancreas is yet to be clarified. In addition, the origin and source of blood supply 
of the pancreas differ embryologically from one region to the other (Gray et al., 1989). Also, there 
is a direct correlation between vascular density and islet function that can be explained by the fact 
that the metabolism of glucose by β-cells is exclusively aerobic and depends on the continuous 
supply of oxygen (In’t Veld & Lammert, 2015). 
1.4 THE INTEGRITY OF THE ENDOTHELIAL CELLS 
Diabetes and obesity cause serious structural changes to islets in particular, and in the pancreatic 
tissue in general (Canzano et al., 2019, Dai et al., 2013, Favero et al., 2014). Studies on changes 




However, vascular morphological adjustments associated with these transformations have not 
yet been clarified. 
The vascular endothelium remains the only structure in direct contact with blood. This 
endothelium is highly specialised and well equipped for the strategic role played between blood 
and tissue. Recent studies have shown a direct relationship between the endothelial cells (EC) 
dysfunction and angiogenesis in organs such as the eyes (Duh & Aiello, 1999; Aiello & Wong, 
2000), and the kidneys (Duh & Aiello, 1999). Similar studies on the pancreas tried to replicate that 
relationship (Li et al., 2006; Dai et al., 2013): these studies reported less description on the overall 
changes in the structure and features of the islet microvasculature. 
The important role of the vascular endothelium in cardiovascular biology is increasingly 
appreciated (Drexler & Hornig, 1999). Mature ECs have limited regenerative capacity (Shantsila 
et al., 2007). The scientific community is therefore interested in circulating endothelial progenitor 
cells (CEPCs), and in particular, their presumed role in maintaining endothelial integrity and 
function, as well as in postnatal neovascularization (Rafii & Lyden, 2003). It has been suggested 
that these cells could not only be responsible for the continuous recovery of the endothelium after 
injury or damage but could also participate in angiogenesis, giving impetus for new vascular 
damage treatment possibilities (Rafii & Lyden, 2003). Indeed, there is increasing evidence of 
reduced availability and impaired endothelial progenitor cells (EPCs) function in the presence of 
cardiovascular disease and associated co-morbidity risk factors (Rafii & Lyden, 2003). Thus, 
many studies on the potential for the use of EPCs in a clinical setting are in progress ( Wang et 
al., 2013;  Keighron et al., 2018).  
In conclusion, it remains unclear why endocrine cells exist in the exocrine parenchyma of the 
pancreas in all species and why these cells coexist in small micro-organs (Gustafsson & Islam, 
2007). However, it is believed that this arrangement has profound effects on the 
intercommunication between the islet cells and the islet microvasculature to ensure precision 
secretion of the islet hormones. 
A clear description of the distribution and morphology of blood vessels in the islet of Langerhans 
may inform an avenue to management and treatment of DM. 
1.5 RESEARCH QUESTION 
The structural and functional integrity of the capillary is a key factor in maintaining the health of a 
body system; a condition such as hyperglycaemia affects the integrity of ECs within the capillaries 
and has shown to be the main cause of mortality and morbidity in diabetic patients (Giugliano et 




During the last decade, several studies aimed to improve the health of diabetic patients (García-
Pérez et al., 2013; Vissarion et al., 2014; Shah & Garg, 2015). However, despite the improvement 
in drug delivery technology, cardiovascular complications remain the main cause of mortality in 
diabetic patients (Einarson et al., 2018) with the alteration of vascular EC function and the 
disruption of the histomorphology of the basement membrane (BM) (Skeie et al., 2018). 
Cardiovascular complications that accompany diabetes have been widely studied in the eye; 
particularly in the retina (Aiello & Wong, 2000), nervous system (Mooradian, 1988) and kidneys 
(Duh & Aiello, 1999) with few studies performed on the pancreas, particularly in islets of 
Langerhans. Drug and β-cell replacement therapy, which aims to maintain normoglycaemia, has 
been widely investigated (Kulkarni et al., 1999; Ryan et al., 2001; Tuttle et al., 2001; Xu et al. 
2008) in diabetic patients and experimental animals; but the description of the structural and the 
architectural pattern of blood capillaries within the endocrine pancreas in normal and diabetic 
conditions warrants further investigation. 
The incidence of DM may be a consequence of certain structural changes in the pancreatic 
vessels, atherosclerotic lesions, and disturbances of the haemodynamic response during the 
patient's life. For example, reduced blood flow has been identified as one of the most persistent 
physiological deficits of Alzheimer Disease (De la Torre & Mussivand, 1993; Bateman et al., 
2006). In this dementia, it is unclear whether the reduced nervous tissues blood flow is a response 
to neuronal damage or a factor initiating the characteristic neuropathology (De la Torre 2002). 
Similarly, it can be hypothesised that even before the body enters a prediabetic state, the 
pancreatic blood vessel structure and distribution are initially made to cause the death of β-cells 
and that this weakness is specific to the duodenal pancreas.  
The duodenal islets are rich in pancreatic polypeptide (PP) cells, with these cells being more 
vulnerable to pancreatic diseases than the remaining regions in the pancreas (Wang et al., 2013). 
It is well established that the cytoarchitecture within the islets differs from one region to another 
(Rahier et al., 2008). This suggests that the microvascular distribution and amount of blood 
perfusion within the pancreatic tissue under normal circumstances and increased insulin demand 
may not be the same in all regions of the pancreas. Therefore, a precise regional structural 
assessment of the distribution of blood capillaries in the endocrine pancreas under normal and 
diabetic conditions is necessary and may highlight the cause for the vulnerability of duodenal 
islets to pancreatic diseases. Establishing the correct pathogenesis for DM could, for instance, 
unravel the exact mechanisms behind the β-cells failure and, in so doing, target specific therapy 
to adequately overcome or treat this disease. 




 What topographic and structural patterns of blood vessels distribution are found in 
pancreatic tissue with an emphasis on the islet of Langerhans under normal, obese and 
diabetic conditions? 
 Are there regional pancreatic differences in these patterns that justify the vulnerability of the 
duodenal islets to pancreatic diseases and therefore the pathophysiology of DM? 
1.6 AIMS AND OBJECTIVES OF THE STUDY 
1.6.1. Aim 
This study aims to describe the key morphological and morphometric characteristics of the 
pancreatic islet microvasculature under normal and diabetic conditions (Figure 1.1). 
1.6.2. Objectives 
The following objectives are considered to achieve this aim: 
 Develop a T1DM and a T2DM diabetic rat model using a high dose of streptozotocin (STZ) 
and a combination of a high-fat diet (HFD) and a low dose of STZ, respectively. 
 Monitor food and water intake as well as the blood glucose profile of the control and 
experimental groups of rats throughout the study to determine diabetic success rate and 
status of diabetes-induced rats. With high blood glucose levels, it is expected that the blood 
vessels will be affected. Flow-cytometry and magnetic Luminex techniques using peripheral 
blood mononuclear cells (PBMC) samples and serum respectively will confirm the degree 
of effect of hyperglycaemia on the blood vessel in general. The effect of hyperglycaemia on 
the pancreatic vasculature would further be validated by a morphological assessment. 
 Detect the percentage of circulating endothelial progenitor cells (CEPC) in the blood 
samples by using flow-cytometry techniques and four monoclonal antibodies: CD31, CD34, 
CD45 and CD133. Detect the level of the serum cytokine biomarkers for vascular injury 
using in a Magnetic Luminex assay multiplex techniques with Luminex MAGPIX CCD 
imager. 
 The distribution of blood vessels in a tissue determines the speed and efficiency of blood 
flow in this tissue. Compare the angioarchitecture of islet microvasculature between the 
duodenal pancreatic islets and the splenic pancreatic islets of both the control and diabetic 
rat models. Using routine Haematoxylin and Eosin (H&E) stain as well as methenamine 
silver technique to outline features of pancreatic blood vessels and the basement membrane 
(BM) supporting the endothelial cells (EC). Evaluate the density, integrity and damage of 




immunohistochemical CD34 antibody as a marker for EC. Generate microvasculature casts 
(using a low viscosity polyurethane-acrylic (PU4ii) casting resin) and non-destructive 3D 
images, using an X-ray nano-computed tomography (nano-CT) system, of the duodenal and 
splenic regions of the pancreas in control and diabetic rats to describe the detailed network 
of the vascular tree of the pancreas in the different regions. 
 Establish the angioarchitecture of the pancreatic tissue (blood vessel structure and 
distribution) by using the morphometric parameters such as the vascular density, capillary 
calibre, the inter-branching distances and the branching angles and how this can influence 








CHAPTER 2: LITERATURE REVIEW 
 
This chapter highlights the following: firstly, current concepts describing the relationship between 
the islet cytoarchitecture and its blood vessel distribution and structure, and β-cell function while 
emphasising the major controversies. Secondly, previous work describing the structure and 
distribution of the islet microvasculature using various approaches and the effect of diabetes 
mellitus (DM) will be reviewed, and thirdly, aims to set the scene to address the research 
question of this study. 
2.1 ANATOMY OF THE PANCREAS 
An understanding of the general morphology of the pancreas provides a proper foundation for 
assessing islet function, which is dependent on the integrity and possibly the origin of its blood 
supply. 
2.1.1 Early development of the pancreas 
The pancreas develops from two primordia in the distal portion of the embryonic foregut (Edlund, 
2002): namely, a dorsal primordium, formed opposite the hepatic bud and a ventral primordium, 
sometimes bilobed, situated very close to the hepatic bud (In’t Veld & Smeets, 2015) (Figure 
2.1A). At the 7th week of intrauterine life, the two primordia fuse and the ventral primordium later 
becomes a part of the head (ventral portion or uncinated process) of the pancreas, while the 
dorsal primordium develops to become the dorsal head, the body, and tail (In’t Veld & Smeets, 
2015) (Figure 2.1B). 
The importance of ECs in the organogenesis in several organs is well reported in the literature: 
nervous system (Leventhal et al., l1999), liver (Matsumoto et al., 2001, Jung et al., 1999), lung, 
kidney, (Gerber et al., 1999) and pancreas (Lammert et al., 2001) with clear coordination 
between blood vessels growth and the tissues. In humans, at embryonic day eight (e8.5), the 
development of the pancreatic buds begins with the appearance of ECs close to the gut 
endoderm, the prospective dorsal bud being also adjacent to the notochord (Jennings et al., 
2015). Expression of pancreatic specific transcription factors (Pdx1 and PTF1), which marks the 
onset of pancreas development, is maintained only in the region where the gut comes into 
contact with the ECs of the dorsal aorta or the vitelline vein (Ranjan et al., 2009). Endothelial 
cells not only signal the expression of Pdx1 (insulin promoter factor 1) but also maintain the 




(Lammert et al., 2001; 2003). For example, in the absence of the dorsal aorta, pancreatic 
development is abolished in Xenopus embryo, suggesting that the pancreatic differentiation 
depends on the presence of ECs in the region of the developing pancreas (Lammert et al., 2001). 
In addition, ECs have been thought to provide a BM to islet cells because they are unable to 
generate it themselves (Nikolova et al., 2007). The growth of the pancreatic vascular 
endothelium is coordinated with the embryonic development of the islet, which is likely guided 
by the vascular endothelial growth factor (VEGF), in particular, VEGF1 (Lammert et al., 2003; 
Ranjan et al., 2009). 
 
To summarise, the development of the pancreas is initiated by EC contact with the endoderm of 
the gut, which also sustains the chain of factors that control the pancreatic progenitor cells 
differentiation into insulin-secreting cells. An improved understanding of the molecular 
mechanism of the ECs early role in the development of pancreatic islets in humans may help 
uncover the causes of β-cell failure in certain physiological and pathological states and hence, 
expose new solutions for the treatment of diabetes. 
2.1.2 Macroscopic anatomy of the pancreas 
Although the pancreas is a very loose and diffuse structure in rodents (Longnecker, 2014), the 
adult human pancreas is a lobulated, digestive gland located in the posterior abdominal wall. 
Surrounded by a very thin connective tissue capsule, the gland extends transversely between 
the duodenum on the right side of the body (duodenal pancreas) and the spleen, which is located 
on the left side of the body (splenic pancreas). The pancreas is divided into four main regions 
(Figure 2.1C): the head on the right is the widest portion and moulded into the C-shaped 
concavity of the duodenum, with the posterior part of the head projecting inferiorly to form the 
wedge-shaped uncinate process (Gray et al., 1989). The pancreatic tail is narrow and directed 
towards the hilum and gastric surface of the spleen. The neck, which is about 2 cm long, projects 
anteroposteriorly on the left from the head and merges into the pancreas body, which separates 
it from the tail (Gray et al., 1989; Moore, 2013). The capsule of the pancreas invaginates at 
different points around the gland to form septa that divide the pancreatic tissue into lobes and 






Adapted from Borghei et al., (2013) 
Figure 0.1: Schematic representation of the embryology of the human pancreas. 
 
A) Two primitive pancreatic (yellow) and liver (green) outpouchings from the endodermal lining 
of the distal region of the developing foregut at 4th week of the embryonic development. B) 
Future pancreas formed from the fusion of the two primitive pancreatic outpouchings at the 7th 
embryonic week. C) The complete developed pancreatic tissue isolated from the surrounding 
organs having four major regions.  
 
2.1.3 Microscopic anatomy of the pancreas 
Structurally, in humans, the pancreas is a composite gland mainly made up of exocrine and 
endocrine components (Gray et al., 1989). The exocrine component represents about 98% of 
the pancreas and is classified as a compound tubulo-acinous gland composed of numerous 
closely packed acini. The secretions from the acini assist in the digestion of nutrients (Moore, 




system separated from each other by a thin layer of connective tissue septa. Acinar cells produce 
a mixture of digestive enzymes and bicarbonates that are collected by the end ducts (intercalated 
channels) which gradually drain into the duodenum by the intralobular channels, the interlobular 
canals and finally, the pancreatic duct. This major pancreatic duct, the duct of Wirsung, receives 
delicate tributaries as it runs in an increasing diameter from the tail to the head and joins the bile 
duct at the hepatopancreatic ampulla of Vater before releasing its content into the duodenum 
(Gray et al., 1989). 
The endocrine component, which enshrines the scope of the present study, consists of clusters 
of cells scattered within the exocrine parenchyma whose secretions are directly secreted into 
the bloodstream and primarily concerned with glucose homeostasis in the body (Gray et al., 
1989). 
2.1.4 Blood supply of the pancreas 
The pancreas receives its blood supply from the celiac and superior mesenteric arteries (Yousef 
El-Gohary, 2018). Although the detailed distribution of the microvasculature within the pancreas 
is yet to be established, the main vascular supply to the neck, body, and tail comes from the 
tortuous splenic artery, a branch of the celiac trunk. The head of the pancreas receives the 
superior and inferior pancreaticoduodenal arteries, branches of the gastroduodenal and superior 
mesenteric arteries respectively (Gray et al., 1989). In the pancreas, these major arteries branch 
out into the interlobar arteries, which in turn, branch into intralobular arterioles before supplying 
a capillary network to acini and islets. The capillaries supplying the neck, body, and tail terminate 
in small lobar veins thereafter into the main intralobar veins and eventually into the portal system 
via the splenic vein. The blood supply from the head drains directly into the portal system and 
the superior mesenteric vein through the superior and inferior pancreaticoduodenal veins 
respectively (Gray et al., 1989). 
Most of the lymph vessels follow the blood vessels and usually end in the pancreatic splenic 
lymph nodes lying along the splenic artery (O’Morchoe, 1997). Few vessels drain into the pyloric 
lymph nodes and then into the celiac, hepatic and finally into the superior mesenteric lymph 
nodes (Gray et al., 1989). 
2.1.5 Nervous system of the pancreas 
The pancreas is supplied by parasympathetic, sympathetic and sensory nerve fibres all reaching 
the gland anchored on the arteries after connection with intrapancreatic ganglia (Ahren et al, 




been well studied (Sha et al., 1995, Liu & Kirchgessner, 1997; Love & Szebeni, 1999). Their size 
varies depending on the location and health of the pancreas. They can be oval, round or 
polygonal and located along or on the nerve trunk in pancreatic connective tissue, acini, and 
islets. Appearing to be encapsulated (Love & Szebeni, 1999), the largest ganglia are found in 
the duodenal pancreas and contain more neurons (Sha et al., 1996). In addition, in T2DM, the 
ganglia are increased in size (Tang et al., 2018). 
For several decades, the intrapancreatic ganglia have been considered as a simple 
parasympathetic relay. However, recent studies suggest that they are similar to the enteric or 
intrinsic nervous system (a system of mesh-like neurons, an important division of the autonomic 
nervous system that governs the function of the gastrointestinal tract) and therefore are involved 
in regulating islet hormone secretions by controlling the activity of smooth muscle fibres and 
therefore local blood flow (Costa et al., 2000). 
The nerve fibres of the preganglionic sympathetic fibres are branches of the vagus (cranial nerve 
10)) that synapse with the intrapancreatic postganglionic fibres (Li et al., 2019). The sympathetic 
and the sensory originate from the splanchnic nerves (Rossi et al., 2005). The sympathetic fibres 
are vasoconstrictor and derive from the spinal cord segments of the thoracic splanchnic nerves 
(T6-10). Along with the parasympathetic, sympathetic fibres are also parenchymal, feeding the 
acini and islets (Gray et al., 1989). 
The sensory fibres leave the pancreas along with the sympathetic fibres towards the spinal cord. 
Although they inhibit insulin secretion, their physiological importance in the pancreas in general 
and in the islet in particular remains elusive (Ahren et al, 2006). For example, the detailed 
explanation of the pain pathways that characterize pancreatitis remains obscured and therefore 
clinical management cannot be specific (Atsawarungruangkit & Pongprasobchai 2015). 
However, the cause of pain first thought to be due to structural changes in pancreatic tissue now 
appears to be associated with neurobiological alterations such as neuropathic remodelling and 
peripheral and central sensitization of pancreatic pain (Pasricha 2012). 
2.1.6 The endocrine pancreas 
The German pathologist Paul Langerhans (1847-1888) identified the pancreatic islet: clusters of 
cells scattered within the exocrine parenchyma having different staining properties from the 
surrounding tissue. Then seen as lymphatic tissues or embryonic remnants, these cells were 
discovered to be the endocrine component of the pancreas twenty-four years later by the French 
Histologist Edouard Laguesse (1861-1927). He named them the Islets of Langerhans 




2.1.6.1 Morphology of the endocrine pancreas 
In vertebrates, the endocrine pancreas is composed of unevenly scattered groups of special 
cells (islet cells) representing approximately 1-2% of the total pancreatic parenchyma (Mattsson 
& Nordin, 2004, Longnecker, 2014). There are roughly one million islets in the human pancreas, 
each usually made up of five cell types: the alpha (α), the beta (ß), the delta (δ), the pancreatic 
polypeptide (PP) and the epsilon (ε) cells producing glucagon, insulin, somatostatin, PP and 
ghrelin hormones respectively (Longnecker, 2014). Each islet is separated from the remaining 
exocrine tissue by a connective tissue capsule (Mattsson & Nordin, 2004); the extent of which 
is species-dependent (van Deijnen et al., 1992; Stendahl, Kaufman & Stupp, 2009; Chuet al., 
2013; Jansson et al., 2016). The islet size and the number of insulin-secreting cells increase 
from birth to adulthood (Meier et al., 2008). However, the details on the distribution of islet 
microvasculatures and its ability to maintain optimal β-cell functions throughout life are yet to be 
understood and may be different from one individual to another, thus making some humans 
more predisposed to DM than others. 
Each adult islet is a rounded mass of about 50-600 µm in diameter and is made up of 50 to 3000 
cells of which β-cells represent about 60% in human (Meda, 2013) and 80% in rodents (Cabrera 
et al., 2006; Kim et al., 2009). Under the light microscope, islet cells form a structural meshwork 
separated by a dense labyrinth of capillaries (Brunicardi, et al., 1996). Two types of islets have 
been recognised and described, namely, diffuse islets which are very large, less demarcated 
and rich in PP cells with very few other endocrine cells (Wang, et al., 2013), and a smaller, 
compact and well-circumscribed islet, predominantly found in the body and the tail regions of the 
pancreas (Islam, 2010). 
2.1.6.2 Distribution, size and cell types in the islet 
The number and size of islets in the pancreas vary not only from one individual to another but, 
in addition, by factors such as one’s body mass index (BMI) and pregnancy (Slavin et al., 2010; 
Steiner et al., 2010). In addition, the concentration of the islets is lower in the head than in the 
tail region of the pancreas (Savari et al., 2013). Smaller islets contain predominantly β-cells, 
while large islets contain mainly non-β-cell types (Jansson et al., 2016). Conversely, α-cells and 
the glucagon hormone content of the ventral islets (head region of the pancreas) are significantly 
smaller in size than those of the dorsal islets (tail region pancreas), which is associated with 
higher levels of insulin secretion in response to glucose (Kelly, et al., 2011). In contrast, the 
pancreatic head (part of the ventral pancreas) is very rich in PP cells (55-99%), the highest 
percentage being limited to the uncinate process (~100%) (Rahier et al., 2008; Wang et al., 




the pancreatic ontogenesis, particularly the "double" vascular arcades, unlike other marginal 
intestinal vessels that surround the gland head (Jin et al., 2010). These speculations are not yet 
elucidated, and more work on the pancreatic vasculature is needed to clarify this question. 
The distribution of cell types within the islet differs from one species to another and between 
different members of the same species (In’t Veld & Marichal, 2010) (Figure 2.2). In rodents, the 
β-cells form the core of the islet and is surrounded by a mantle of non-β-cells, whereas in 
humans, the cells are intermingled (Orci et al., 1975; Cabrera et al., 2006). Similar to that of the 
human pancreas, islet cells types in the adult guinea pig (Caviaporcellus) are intermingled, but 
with the islet predominantly made up of β-cells (95%) (Crowther et al., 1989). In some species 
of monkeys and horses, the non-β-cells form the core and β-cells the mantle (Brunicardi et al., 
1996). 
 
Adapted from Suckale & Solimena (2008) 




This representation shows the different types of islet cells and their distribution in the ventral and 
dorsal islet comparing human and rat respectively. Different cell types are colour-coded. Rodent 
islets, unlike human islets, present a characteristic insulin core (blue).  
The structure and architecture of the islets in the rodent are well described with congruence on 
the core to mantle organisation within the islet (Orci et al., 1975; Cabrera et al., 2006; Cirulli, 
Halban & Rouiller, 1993) (Figure 2.2). However, the organisation of islet cell types in humans 
remains controversial. Eberhard, Kragl and Lammert (2010) described the human islet as having 
a cauliflower appearance with α-cells forming the mantle but folding inside the core towards the 
β-cells. A 3-dimensional (3D) analysis of consecutive sections through the entire human islet 
revealed a more comprehensive cellular architectural pattern where the islets cells are arranged 
in a continuous folded epithelial plate (Bosco et al., 2010). The epithelial plate is organised into 
three laminae: the central portion, consisting of β-cells and bounded on both sides by non-β-
cells and more externally, lined by vascular channels. In other words, a layer of β-cells 
sandwiched between two enriched non-β-cells (Figure 2.3). The special architecture of the 
human islet maintains all the cell types close to vessels and, simultaneously favours a 
heterologous contact between α-cell and β-cell; and a homologous contact between β-cells. This 
architecture is observed in all the regions of the pancreas and seems to have a functional 
significance (Bosco et al., 2010). The porcine islet is composed of numerous mouse-like islets, 
similar in structure to that of the mouse and human (Bosco et al., 2010). Therefore, the murine 





Adapted from Bosco et al., (2010) 
Figure 0.3: Human islet topographical organisation of cells types around the blood vessels.  
A) Epithelial plate made up β- (red) cells, non-β- (green) cells and blood vessels (light blue). B) 
Folded plate to form a round shape islet.   
 
Precise anatomical organisation and the proximity of islet cells are essential for effective and 
normal insulin hormone secretion (Kelly et al., 2011). Isolated β-cells aggregate into pseudo-
islets in culture, similar to that of the native islets; thereby suggesting that islet architecture 
induction may lie within the islet cells themselves (Cirulli et al., 1993). Whenever β-cells are 
separated and cultured in the presence of α-cells, the α-cells attract the β-cells, (Cirulli et al., 
1993). However, with the complexity of human islet architecture, cells within the islet are not 
independent regarding cellular organisation but may depend on more complex mechanisms. A 
disturbance of normal islet cell architecture in murine models is caused by a decrease in insulin 
secretion. In this instance, β-cells intermingle with non-β-cells, indicating that in addition to cell-
to-cell interactions, various metabolic and neuronal factors may modify islet cellular architecture 




2.1.7 Islet cell-to-cell communication 
Metabolic processes in the body require good intercellular communication. The endocrine 
pancreas is one of the best examples of tissue where function depends entirely on the type of 
intercellular communication. 
2.1.7.1 Beta-to-beta cell intercommunication 
A β-cell communicates with another β-cell through several cells and neuronal adhesion 
molecules, and even by insulin itself. The functional importance of islet cell and connexion (Cx) 
adhesion molecules have been extensively studied using pseudo-islets developed from clonal 
lineages (Squires et al., 2000; Serre-Beinier & Caille 2003; Kelly et al., 2011). Of all, N and E-
cadherins play a major role in β-cell aggregation during development (Jain & Lammert, 2009). 
The dominant-negative R-cadherin used to replace the N and E cadherins in β-cells of the mouse 
embryo has been shown to significantly interfere with β-cell clustering and islet formation. That 
alteration possibly interferes with the automatic increase in insulin secretion, following the state 
of postprandial hyperglycaemia in the body (Jaques, et al., 2008). On the other hand, gap 
junctions mediate the spontaneous secretion of basal insulin release, which depends on the 
oscillation in the membrane potential of intracellular free calcium (Benninger & Piston, 2014). 
Gap junctions are specialised tubular structures called connexon composed of six connexins 
that pair with the connexon of the neighbouring cell to create intercellular channels. The channels 
are used to exchange cytoplasmic ions and secondary messengers (Benninger & Piston, 2014) 
from one cell to another (Jain & Lammert, 2009). However, it appears that the biophysical 
property of gap junctions in the insulin-secreting cell is directed to the connexon 36 (Cx 36) in 
such a way that murine models lacking the Cx 36 gene have reduced first-phase and pulsatile 
insulin secretion leading to glucose intolerance and later on, DM (Benninger & Piston, 2014). 
Insulin was thought to have a negative feedback mechanism on β-cells, but it is now well known 
that it significantly interferes with β-cell metabolism concerning β-cell proliferation (Otaniet al., 
2004). 
2.1.7.2 Alpha-to-alpha cell intercommunication 
Alpha cells are specialised in the secretion of glucagon during low blood glucose levels in the 
body. The α-cells retain a very low level of secretion, even during an increase in blood glucose, 
and glucagon exerts a feedback effect through a complex mechanism involving glutamate, a co-




2.1.7.3 Delta cell to other cell intercommunication 
Somatostatin is secreted not only by the δ-cells in the pancreas but also by neural and 
gastrointestinal cells (Hauge-Evans et al., 2009). The low dose of somatostatin in the islet is 
thought to exert a local inhibitory effect on α- and β-cells within the islet via the microcirculation 
and/or the interstitial tissue (Bonner-Weir & Orci, 1982). However, out of multiple studies 
describing the activity of somatostatin (Pace & Tarvin, 1981; Carroll & Carroll, 2007), none has 
shown whether its action in the islet is ascribed to general circulating somatostatin, or to the local 
release portion by the δ-cell until Hauge-Evans et al. (2009) confirmed the importance of local 
somatostatin hormone on islet function using transgenic animals with a knockout somatostatin-
expression gene. The local somatostatin has an inhibitory effect on insulin and glucagon 
secretion. Importantly, an increase in blood glucose levels stimulates both insulin and 
somatostatin secretions to limit the β-cell response (Mann & Bellin 2016). 
2.1.8 Non-endocrine cells of the islet of Langerhans 
Although the following section focuses on the current knowledge about islet microvasculature 
and its contributions to islet function by using previous reports, the description and the role of 
the non-endocrine cells associated with these vessels are important. Structures situated 
between the endocrine cells in the pancreatic islet are mainly connective tissue (stroma) 
surrounding blood vessels (In’t Veld & Smeets, 2015). However, other types of non-endothelial 
cells are embedded within the islet; namely connective tissue cells, immune cells, predominantly 
macrophages (De Koning et al., 1998), and neuronal elements (Jansson et al., 2016). 
2.1.8.1 Connective tissue cells 
The stromal cells of the islet are mainly fibroblasts. These fibroblasts make up the main reticular 
network and collagen fibres of the islet and contribute abundantly to the formation of the islet 
capsule (Ohtani, 1987). The other stromal cells are stellate, these characterised by cytoplasmic 
lipid droplets and representing 4 to 7% of all parenchymal cells in the islet (Li et al., 2016). 
Although the function of the stellate cells within the islet is poorly understood, these cells interact 
with the vasculature and penetrating macrophages by facilitating EC migration (Fransson et al., 
2015). On the other hand, the increase in their numbers (stromal cells or stellate cells) is well 
known to be associated with chronic pancreatitis and in pancreatic adenocarcinomas, thus 
contributing to pancreatic fibrosis that characterises these diseases (Zha, et al., 2014; Apte, et 
al., 2015). 
Reticular fibres encircle the islet capillaries which form pericapillary spaces inside the capsule. 




thereby confirming the existence of the insulo-acinar portal system in human pancreas (Ohtani 
et al., 1987). Cajal cells are another group of stromal cells in the islet originating from neural 
cells. In humans, these cells are found mainly in the intestine (Liu et al., 2015) closely situated 
next to the microvessels (Liu et al., 2015). In the intestine, Cajal cells act as pacemaker cells 
helping in the regulation of intestinal motility (Lammers, 2015). In the pancreas, it remains 
unclear whether a similar effect is noted on the vasculature. However, the proximity of Cajal cells 
to the microvessels is thought to have a functional significance in the pancreas (Liu et al., 2015). 
2.1.8.2 Immune cells 
Immune cells are normally very rare in the islet but increase during inflammatory conditions such 
as insulitis. These cells appear to affect the islet microvasculature predominantly during islets’ 
transplantation (Christoffersson et al., 2010; Vågesjö et al., 2015); a topic which is beyond the 
scope of this study.  
2.1.8.3 Neural cells 
There are two types of neural elements in the islet namely, axons with a cell body, known as 
neuro-insular complexes type I, and type II, with no cell body. Nerve supply to the endocrine 
pancreas is mainly from the parasympathetic system accompanied with few sympathetic fibres 
(Rodriguez-Diaz et al., 2011). The parasympathetic fibres appear as preganglionic fibres from 
the dorsal motor nucleus of the vagus nerve and connect to ganglia only in the islet. It is believed 
that feeding stimulates the parasympathetic pathway and facilitates the secretion of insulin 
(cephalic phase) (Ahren & Holst 2001) and in hypoglycaemia glucagon (Taborsky et al., 1998) 
and pancreatic polypeptide hormone (Schwartz et al., 1978). The sympathetic system inhibits 
this process (Ahren, 2000). In the human endocrine pancreas, sympathetic nerve fibres regulate 
the islet cell function indirectly by modulating the intra-islet blood flow by vasoconstriction 
(Rodriguez-Diaz et al., 2011). Sensory nerve endings are also present in rat islets and impact 
on the regulation of blood flow (Carlsson et al., 1996). There is a difference in the distribution of 
nerve fibres in human and rodent pancreata. Human islets contain fewer, relatively large nerve 
fibres while rodent islets have an extensive network of fine nerve fibres (Rodriguez-Diaz et al., 
2011; Vågesjö et al., 2015). Intra-islet Schwann cells support the nerve cells and surround islets 
as if they were attempting to delineate the islet parenchymal from the exocrine portion. Although 
Schwann cells are known to be activated in islet lesions in non-obese diabetic rats (Teitelman 
et al., 1998) and are involved in islets post-transplantation regenerative processes (Lammers, 




2.1.8.4 Vascular elements 
The vascular system of the islet of Langerhans is formed by capillaries and arterioles, and in 
turn, consists of ECs making the endothelium, pericytes, vascular smooth muscle and adventitia 
(already discussed belonging to the stromal component). The following section examines details 
of the various elements that make up the microvascular system of the islet while emphasising 
the structure of the endothelium, the main barrier between surrounding islet cells and blood. 
Pericytes 
Pericytes, also called mural cells, are elongated multi-branched contractile cells located between 
the endothelium and BM (Brissova et al., 2014; Gökçinar-Yagci et al., 2015). Pericytes surround 
microvascular ECs (Berg, Chernavvsky-Sequeira et al., 2013) and are rare in pancreatic islets 
(Morikawa et al., 2002). The functions of these cells are not well defined but are considered 
important for the production of matrix components as well as angiogenesis (Bergers & Song, 
2005). In addition, pericytes and EC interactions are required for the assembly of the vascular 
BM (Kragl & Lammert, 2010; Armulik et al., 2011), the major support of β-cell proliferation and 
function in the islet (Nikolova et al., 2006). Consequently, when the vessels lose their pericytes, 
they (the vessels) become haemorrhagic and hyper-dilated (Bergers & Song, 2005), a condition 
which remains the hallmark of early diabetic retinopathy (Ejaz et al., 2007). Unfortunately, not 
much is known on the function of the pericytes in the islets. 
Vascular smooth muscle cells 
Vascular smooth muscle (VSM) cells in blood vessels play a key role in controlling vascular tone 
and vascular diameter; the main haemodynamic determinants in the circulatory system (Fray, 
1980; Busse & Fleming, 2003). The presence of VSM cells in the arterioles of the islet is the 
basis for separate regulation of blood flow (Jansson et al., 2016). Islet nerve fibres for the 
maintenance of effective blood perfusion (Carlsson et al., 1996) may control vascular smooth 
muscle cells. Endothelial cells are one of the most important components among non-endocrine 
cells in the islet and are discussed in detail in the following section. 
2.2 GENERAL CONCEPTS OF THE ENDOTHELIUM AND THE ENDOTHELIAL CELLS 
Endothelial cells form a continuous monolayer barrier (endothelium) controlling the movement 
of biomolecules and cells between the lumen and the perivascular space (Bennet et al., 1959; 
Favero et al., 2005). Until recently, the endothelium was perceived as a “cellophane wrapper” 
around the vascular tree whose sole function was to selectively allow water and electrolytes 




lining of blood vessels revealed an array of homeostatic, hormonal and metabolic functions; one 
of the most important being the regulation of blood flow (Sandoo et al., 2010, Durand & 
Gutterman, 2013; Rajendran et al., 2013). 
In general, three main types of endothelia are described (Bennet et al., 1959). Firstly, endothelia 
associated with secretory and filtration of organs and impregnated with fenestrae surrounded by 
a discontinuous BM. The fenestrae are trans-cellular pores, approximately 50-60nm wide 
covering a diaphragm of 5 to 6nm thick. Secondly, endothelia associated with vessels of the 
skin, heart, lung and muscle (Aird, 2007) which are firmly attached to a continuous BM, and 
thirdly, the ‘discontinuous’ endothelia, so-called due to their characteristic large fenestrations 
(from 100 to 200 nm wide), lacking a diaphragm and having a poorly structured BM (Aird, 2007; 
Favero et al., 2014).  
The isolation of ECs was first performed by Jaffe (1973), which helped researchers understand 
extracellular environment control and learn about cell biology (Aird, 2007). Currently, the concept 
of vascular ECs as a simple physical barrier between blood and tissues has changed, and 
cardiovascular researchers should bear in mind the notion of endothelium heterogeneity (Galley 
& Webster, 2004). A good understanding of this concept in the pancreas will certainly improve 
the multi-pronged search into the mechanism that leads to the destruction of β-cells in pathology 
such as diabetes. 
2.2.1 Endothelial cell ultra-structure 
A typical EC is a squamous epithelial cell with a thickness ranging from less than 0.1μm in 
capillaries to 1μm in veins and arteries, and having a centrally placed nucleus supported by a 
basal lamina less than 500 nm wide which, in the pancreas, separates them from the islet cells 
(Aird, 2007). The morphology of an EC depends on the vessel to which it belongs. Endothelial 
cells are very sensitive to changes in intravascular tension. When intravascular tension 
increases, the stiffness of the EC also increase and the cells become flattened and aligned in 
the direction of the blood flow. When intravascular tension is decreased, ECs swell and lose 
their alignment and have a cobblestoned paving appearance (Nerem et al., 1981; Favero et al., 
2014). For example, in the aorta where there is higher intravascular pressure, ECs are long and 
narrow, with their long tails pointed towards the direction of the blood flow (Sumagin & Sarelius, 
2006). In the pulmonary artery, the pressure is very low, hence ECs are broader and shorter 
(Kibria et al., 1980).  
Each EC is enclosed in a double layer of phospholipids membrane. The layers are separated 




molecules act either as receptors or as channels for numerous molecules including proteins, 
lipids, and hormone and adhesion molecules (Sung et al., 1994; Ranjan et al., 2009). Adhesion 
molecules help maintain cell-to-cell and matrix intercommunication. Importantly, about 84% of 
these vascular receptors on islet ECs are specific to islet vascularisation and therefore cannot 
be found on the ECs of surrounding exocrine tissues (Yao et al., 2005). Examples of these 
receptors are the proteinase inhibitor and the α1-antitrypsin angiostatic factor (Lou et al., 1999). 
Endothelial cell heterogeneity of the microvasculature is therefore not only different between 
organs, but also between distinct regions of the same organ (Kuzu et al., 1992, Aird, 2007). 
Each EC membrane has three surfaces: 1) the cohesive surface which connects ECs and is 
made up of specialized intercellular junction such as adherent junctions (gap junction) or 
syndesmosis (tight junction) which facilitate the transport processes (Pasyk & Jakobczak 2004; 
Dejana & Orsenigo 2013); 2) the adhesive surface of ECs which is attached to the basal lamina 
and, 3) the luminal surface carrying specific binding proteins regulating the transport of 
circulating blood cells (Pasyk & Jakobczak 2004). 
 
 
Adapted from https://www.histology.leeds.ac.uk/circulatory/capillaries.php 
Figure 0.4: Schematic representation of a cross-section of a capillary showing endothelial cells 
supported by the basement membrane and pericytes around the lumen. 
 
The immunostaining technique applied on tissue sections and cell culture has made it possible 




34 (CD31, CD34), von Willebrand factor (vWF) (Lou et al., 1999; Favero et al., 2014) and 
vasoactive substances (Olsson & Carlsson, 2006). 
Many other (growth) factors involved in the regulation of angiogenesis, such as pro-angiogenic 
factors, vascular endothelial growth factor (VEGF) and angiostatic factors, endostatin, and 
pigment epithelial-derived factor can be produced by EC (Mattsson et al., 2006). In human 
adults, the islet ECs mass is stable and the turnover rate very low; indicating that the amount of 
pro-angiogenic and angiostatic factors produced is maintained in close equilibrium (Olsson & 
Carlsson, 2006). 
Islet ECs present a large number of fenestrae (Figure 2.4), thus facilitating trans-endothelial 
transport of hormones (Aiello & Wong, 2000). The fenestrations are induced and maintained by 
the high level of the local production of vascular endothelial growth factor-A (VEGF-A) by the 
pancreatic β-cells (Aiello & Wong, 2000; Vasir, et al., 2001; Lammert et al., 2003; Zhang et al., 
2004). The luminal surface of ECs carries a negatively charged mucopolysaccharide layer, 
which is an integral part of the vascular barrier (Reitsma et al., 2007). This carbohydrate-rich 
layer (also known as glycocalyx) forms a platform in which plasma and endothelial-derived 
molecules are incorporated, acting as the gatekeeper of the endothelium, and subsequently the 
determinant of vascular permeability (Reitsma et al., 2007). 
2.2.1.1 Endothelial cell function: emphasis on the islet 
The endothelium plays an important role in day-to-day islet life and tissue function (Mai et al., 
2013). In addition to its physical barrier role, under normal physiological conditions, the 
endothelium has several other functions that can be characterised according to three main 
categories, namely, trophic, tonic and trafficking (Davidson, 2010). In the body, ECs are the main 
regulator of 1) vascular homeostasis through the release of many vasoactive substances and 
growth factors (trophic function) (Michiels, 2003; Eberhard et al., 2010; Brissova et al., 2014) 2), 
vascular haemodynamic (tonic function) (Cines et al., 1998; Mai et al., 2013), and 3) vascular 
permeability, coagulation, and cellular extravasation (trafficking) (Claesson-Welsh, 2015). The 
following section highlights the major functions of the ECs. 
2.2.1.2 Regulation of permeability 
The term "vascular permeability" traditionally refers to the natural sieve that allows substances 
and small molecules to pass through the capillary wall to the surrounding tissues (Claesson-
Welsh, 2015). The circulating blood is under the hydrostatic pressure that pushes the water out 
of the vessels (Adamson et al., 2004). In addition, blood vessels normally let most ions pass so 




hydrostatic pressure is maintained when blood retains a high concentration of protein to develop 
oncotic pressure and thus draws water into the vessels (Adamson et al., 2004). Endothelial cells, 
therefore, can prevent the diffusion of proteins out from the vessels. Plasma contains three major 
proteins: albumin, globulin, and fibrinogen (Adkins et al., 2002). In the event of a loss of protein 
from the circulation, the oncotic pressure decreases and allows the diffusion of fluid into the 
surrounding tissues, causing oedema. Eighty percent of the oncotic pressure is generated by 
albumin (Darwish & Lui 2019). However, some proteins such as antibodies and proteins 
associated with hormone secretion must exit the circulation and enter the surrounding tissues to 
improve the body's immune system (Strell. & Entschladen 2008). The molecular mechanism that 
controls vascular leakage depends on the organ, vessel type, and kinetics. However, two major 
models have been proposed to explain this: some models depend on the formation of 
transendothelial canals from vesicles or vacuoles, while others involve endothelial junctions that 
can transiently be dissociated and allow extravasation (Claesson-Welsh, 2015). Cell membrane 
dissociation is attributed to the retraction of ECs (Majno et al., 1969) due to the action of the 
motor proteins (provide molecular motion in the cells by interacting with rigid cytoskeleton) of the 
cell to open the paracellular junctions. However, the hypothesis of cellular retraction has been 
challenged and the change in cellular form has been attributed to the natural recoil process that 
occurs whenever the cell junction is disassembled (Adamson et al., 2003). 
The regulation of the vascular permeability is thus directly influenced by molecules that cause 
the disintegration of the barrier or indirectly by the pressure, the blood flow and the nature of 
what is transported through the vascular wall (Claesson-Welsh, 2015). Molecular regulators of 
vascular permeability include growth factors such as VEGF, abundant in the islet and 
inflammatory cytokines (histamine and bradykinin) (Claesson-Welsh, 2015). 
2.2.1.3 Regulation of the immune response 
The extravasation of leukocytes across blood vessels to the tissues is vital for the functioning of 
the immune system. The early phase of this process is well understood but details of its terminal 
phase where leukocytes migrate through the junctions between adjacent ECs while preserving 
the barrier function of the endothelium are still poorly understood (Johnson-Léger et al., 2000). 
However, like some specific proteins, immune cells also pass through ECs to the surrounding 
tissues. Because the size of these immune cells is larger than that of proteins, the extravasation 
of leukocytes across blood vessels seems to be a difficult task. Endothelial cells thus have two 
major roles in this process (cellular extravasation): they first attract immune cells to the site of 
the infection and secondly allow the immune cells to pass through their membrane to the 




1) immune cells roll along the surface of ECs mediated by a set of proteins called selectins 
expressed by ECs whereas erythrocytes pass directly. 2), Immune cell adheres to the surface 
of ECs; in response to infection, cells in the tissue release chemokines and chemoattractants 
which trigger the expression of integrins on the surface of immune cells. The integrins bind 
proteins on the surface of ECs and lock the immune cell to the surface of the endothelium. 3) 
The immune cell then migrates to enter the surrounding tissue by squeezing itself through the 
endothelium (endothelial cells and BM) (Johnson-Léger et al., 2000). 
2.2.1.4 Initiation of growth and the formation of new blood vessels 
Endothelial cells also initiate the growth of new vessels. During vessel formation, a remarkable 
degree of coordination is required between different transforming cell types.  
Generally, hypoxia (Chen et al., 2009; Blanco & Gerhardt, 2013) and wounds initiate the 
development of new vessels (Hong et al., 2014). In response to these conditions, tissue cells 
express several proteins, the most important of which is VEGF. Vascular endothelial growth 
factor plays a unique role in this process because it radically changes the morphology of an EC 
subtype, namely, the tip cell (Cines et al., 1998; Blanco & Gerhardt, 2013). First, the tip cell 
reverses polarity in the cell, so that the apical surface that normally faces the lumen becomes 
tissue-directed (Gerhardt et al., 2003). Secondly, the complex joint between a tip cell and the 
neighbouring cell is impaired, and ultimately, the tip cell invades the surrounding tissue by 
extending filopodia (Phng et al., 2013). Notably, only tip cells respond to VEGF; because if all 
cells do so, the entire vessel would degenerate. At the same time, tip cells prevent the response 
of neighbouring cells to VEGF.  
A group of molecules called semaphorins, expressed by the surrounding tissue, guide the 
direction of the crawling of tip cells. Semaphorins also dictate the development of neurons (Marín 
et al., 2010). Following the tip cells in the surrounding tissue, specialised cells called stalk cells 
which divide to produce more ECs and can surround the lumens of the newly formed vessels. 
During this process, while VEGF acts as the driving force behind vasculogenesis and sprouting, 
angiopoietins (Ang 1) and ephrin subsequently intervene in this process of remodelling and 
maturation of the initial immature blood vessel (Holash et al., 1999). After blood vessel 
maturation, the maintenance and stability seem to be under the control of Ang 1 (Gale & 
Yancopoulos, 1999). 
Increased levels of such restructure cytokines as TNF (tumour necrotic factor) and IL-1 
(interleukin-1)and IL-6 (interleukin-6) in addition to VEGF promotes abnormal vascular growth 
as in early atherogenesis (Ikeda et al., 1990, Sprague & Khalil 2009). Assessment of these 




predict early vascular dysfunction which may occur well before the structural manifestations 
(Sprague & Khalil 2009). 
2.2.1.5 Detection and response to changes in blood pressure and flow 
In a quiescent state, ECs balance the production of a vasodilator (NO, prostacyclins, 
endothelium-derived hyperpolarising factor (EDHF)) and vasoconstrictor (endothelin and 
angiotensin) factors to ensure that vascular tone, blood pressure, and optimal blood flow are 
maintained (Widlansky et al., 2003). The ECs lining the blood vessels can detect shear stress 
generated by the blood flow and transmit signals to the inside of the cell. In the cell, the increase 
in shear stress causes ECs to produce more vasodilator substances such as NO on their cell 
membrane (Kunnen et al., 2018). The impact of shear stress also extends to the genetic level 
and may cause an increase or reduction in the expression of several genes through the 
activation of the transcriptional factors or the stabilisation of mRNA (Kunnen et al., 2018). The 
morphology and function of the vessels are altered in response to changes in blood flow (Ando 
& Yamamoto, 2013): a mechanism called "flow-induced remodelling" resulting from the interplay 
between vasodilator factors, inflammation and factors that alter the intercellular matrix (Heil & 
Schaper, 2004; Silver & Vita, 2006). 
The absence of EC response to shear stress will lead to the development of vascular diseases 
such as hypertension, thrombosis, aneurysms, and atherosclerosis, to name but a few (Heo, 
Fujiwara & Abe, 2014). As a result, studies have made some progress in elucidating how ECs 
perceive shear stress and transmit the information into the cell (Bodin, Bailey & Burnstock, 1991; 
Bodin & Burnstock, 2001; Wang et al., 2016). Thus, mechanotransduction of shear stress in the 
cell is characterised by the simultaneous activation of several intracellular signalling pathways 
mediated through different types of molecules and micro-domains associated with the cell 
membrane (Resnick et al., 1993; Tarbell et al., 2014). However, the details of the mechanism 
responsible for ECs characteristic response to shear stress remain poorly understood (Tarbell 
et al., 2014).  
2.2.1.6 Regulation of clotting 
The role of the endothelium is crucial in the regulation of the mechanism of coagulation using 
both anticoagulants and pro-coagulants. Under normal physiological conditions, ECs express 
the tissue-inhibitory factor pathway and thrombomodulin that prevents the activation of pro-
coagulation molecules such as Stuart Power factor (factor X), thrombin and fibrin. However, as 




state by inducing the tissue factors that will initiate the extrinsic coagulation cascade (Cines et 
al., 1998). 
2.2.2 βeta-cell and endothelial cell communication 
Apart from the pivotal role played by islet ECs, ECs in general also have endocrine functions. 
They produce numerous factors that mediate the proliferation, survival, and expression of 
multiple genes consistent with good physiology and β-cell function (Figure 2.5) (Gregersen et 
al., 1996; Johansson et al., 2006; Nikolova et al., 2006).  
2.2.2.1 Islet Vascular endothelial growth factor 
Originally, referred to as vascular permeability factor, VEGF constitutes a group of proteins, a 
subfamily of the platelet-derived growth factor, secreted by most cells including islets cells 
(Narayanan et al., 2017). The family of VEGF is made up of seven secreted glycoproteins: 
VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F and placental growth factor 
(Narayanan et al., 2017). In most tissues, VEGF acts on the EC membrane via a VEGF receptor 
(there are 3 types of VEGF receptors: VEGFR-1, VEGFR-2 and VEGFR-3), a specific 
angiogenic factor receptor tyrosine kinase, by transphosphorylation to firstly, promote 
angiogenesis. In the islet, VEGF provides a unique dense vascular niche to optimise the function 
and secondly, affect proliferation of the endocrine pancreas during the intrauterine life 
(Otonkoski et al., 2008; Eberhard & Lammert, 2009). Thirdly, promote endothelial pores in all 
the fenestrated capillaries (Roberts & Palade, 1995). The absence of the VEGF secretion in 
experimental studies showed capillaries with less fenestration (Lammert et al., 2003). Finally, 
VEGF-A is essentially required for the fine-tuning of body glucose regulation (Brissova et al., 
2014). 
In rodents, hypoxia and islet isolation increases the expression of VEGF-A via hypoxia-inducible 
factor-1 found expressed in cells (Gorden et al., 1997; Vasir et al., 2001). However, VEGFR-2 
appears to be the major receptor of the proangiogenic effects of VEGF-A (Suto et al., 2005; 
Narayanan et al., 2017).  
In summary, VEGF expression is increased in all conditions where blood or oxygen delivery to 
the islet is reduced and this action is antagonised by thrombospondin (Jiménez et al., 2000). 
2.2.2.2 Angiopoietins, ephrin, and extracellular vesicles 
In addition to VEGF, other angiogenic factors have also been reported to be involved in the 
integrity and maintenance of blood vessels: this includes angiopoietins, ephrins and extracellular 
vesicles (EVs), to name but a few (Narayanan et al., 2017). Angiopoietins made up of Ang-1, 




2003; Brissova et al., 2006; Jabs et al., 2008; Eberhard & Lammert, 2009) are all expressed by 
islet and perivascular cells in mice and humans (Brissova et al., 2006). The activation of Ang-1 
prevents cytokine-mediated apoptosis in ECs via a complex signalling pathway involving 
phosphoinositide 3-kinase/protein kinase (pI3k / Akt) (Su et al., 2007) and facilitates cell-cell 
contact and contact with extracellular matrix (Scharpfenecker et al., 2005). 
Ephrin ligands, on the other hand, bind to tyrosine kinase receptors to intervene in various 
aspects of cellular communication (Himanen & Nikolov, 2003), resulting in improved pancreatic 
function (Dorrell et al., 2011). 
Recent reports show that EVs play an important role in the communication between islet cells 
(Camussi et al., 2010) in humans (Figliolini et al., 2014) and experimental mouse models of islet 
xenotransplantation in severe combined immune deficiency (SCID) (Cantaluppi, et al., 2012). 
Extracellular vesicles are involved in intercellular communication through the transfer of proteins 
and nucleic acids. These vesicles are secreted by membrane nanoparticle circular fragments 
released into the microenvironment by various cell types and can directly stimulate target cells 
and thus play a pivotal role in cell-to-cell communication (Figliolini et al., 2014). 
2.2.2.3 Endothelial cells and islet basement membrane 
Basement membranes are thin layers of special extracellular matrix that separate the islet cells 
from the ECs (Otonkoski et al., 2008). Endothelial BMs stand as the only structural support of 
pancreatic cells and are very important in the physiological microenvironment of the islet 
(Nikolova et al., 2007). The ECs are usually firmly attached to the BM via integrins which provide 
elastic support and selective filtration of molecules and cells between the vessel and the 
perivascular space (Korpos et al., 2013). In addition, the BM also prevents the diffusion of 
proteins because it carries a strong negative charge (Suh & Miner, 2013). 
Islet BM is mainly made up of collagen IV, fibronectin and laminin (Timpl & Brown, 1996; 
Eberhard & Lammert, 2009; Cao & Wang, 2014). While collagen IV remains the major structural 
component of the BM, laminins sustain the regulation of organ cellular function by affecting 
specific signals to cells attached or moving through the BM (Otonkoski et al., 2008, Durbeej, 
2010). The composition of laminin subtypes of the BM varies not only from one species to the 
other, but also from one organ to another, and even within the same organ. For example, laminin 
211 and 411 have been identified in the mouse pancreas instead of the 332 and 511 found in 
most glandular tissues (Otonkoski et al., 2008).  
On the other hand, mouse β-cells express several β-1 integrins, a type of receptor for laminins, 
which is very important in the mediation of cell-to-cell and cell-matrix interactions (Jiang et al., 




named Lutheran (Otonkoski et al., 2008). The relationship between β-cells and ECs established 
during pancreatic development is maintained throughout adult life (Eberhard & Lammert, 2009). 
Insulin gene protein expression and glucose-stimulated insulin secretions are highly dependent 
on the BM. The loss of BM and the disruption between BM and pancreatic endocrine cells result 
in the death of islet cells (Wang et al., 2001; Nikolova et al., 2006; Irving-Rodgers et al., 2008), 
thus, emphasising that the integrity of the BM must be maintained in conditions such as diabetes.  
Recently, it has been discovered that the BM in the human islet consists of two layers which act 
as the double-layered blood-brain barrier in the central nervous tissue (Otonkoski et al., 2008). 
The potential tissue space between the two BM sheets could be involved in the regulation of the 
trafficking of inflammatory cells such as in autoimmune insulitis. Otonkoski et al., (2008) 
established that the only laminin isoform that is specific to human islet BM was laminin 511 
(earlier known as laminin 10). 
Pericytes are embedded within the BM (Clee et al., 2006) and are recruited by EC-derived 
platelet-derived growth factors (PDGF) (Eberhard & Lammert, 2009) to help stabilise the islet 
microvasculature (Clee et al., 2006). 
2.2.2.4 Thrombospondin-1 secreting endothelial cell and islet function 
Thrombospondin 1 (THBS1) is a multi-domain matrix adhesive glycoprotein that is highly 
expressed in pancreatic endothelium (Dubois et al., 2010; Olerud et al., 2008; Olerud et al., 
2011). Thrombospondin 1 naturally regulates cell proliferation, migration and apoptosis in 
healthy tissues and curtails tumorigenesis by limiting vessel density. Thrombospondin 1 can 
modify the islet morphology and plays a major role in the modulation of β-cell function by 
activating the transforming growth factor (TGF-β1) (Crawford et al., 1998) (TGF-β1 activation in 
adult inhibits Smad6 and Smad7 molecules causing the downstream gene expression in the 
nucleus (Yinan Jiang et al., 2018)). In severe DM (Type 1 and 2), one of the therapeutic 
approaches is the transplantation of isolated islets either in the liver or beneath the kidney 
capsule (Stokes et al., 2017). Unfortunately, the marked decrease of vascular density and 
subsequently an impaired EC function has rendered this therapeutic approach ineffective 
(Mattsson et al., 2004). However improved pancreatic islet revascularisation is achieved after 
transplantation in a partial or total THBS1 deficient mouse (Olerud et al., 2008). More work 






Endothelin (ET) is a powerful vasoconstrictor derived from the endothelium that stimulates 
insulin production (Lai et al., 2007) by calcium receptor mechanisms (De Carlo et al., 2000). 
While ET-1, a predominant isoform of the family of ET which includes ET-2, ET-3, ET-4, (Lüscher 
& Barton, 2000) appears to have a potent effect on the microvasculature of native islets, ET-3 
directly stimulates insulin secretion (Gregersen et al., 1996). Hypoxia regulates the expression 
of ET-1 in pancreatic endocrine cells and ECs (Kourembanas et al., 1991; Kugelmeier et al., 
2008). Similarly, insulin also stimulates the expression and secretion of ET-1 from bovine ECs 
and in humans and can thus regulate the concentration of circulating ET-1 (Cheifetz et al., 1992). 
 
Adapted from Hogan & Hull (2017). 
Figure 0.5: Schematic representation of the major factors that regulate the beta-cell endothelial 
cell axis.  
Under normal physiological conditions, islet ECs produce several factors (HGF, CTGF, ET and 
THBS1) regulating the β-cell proliferation, -survival and function. Extracellular matrix (ECM) 
molecules like fibronectin, collagens, and laminins affect insulin expression and release from β-





2.3 ISLET MICROVASCULATURE AND ISLET CELLS FUNCTION 
The islet houses a rich vascular network that morphologically resembles the renal glomerulus 
(Jansson et al., 2016; Olsson & Carlsson, 2006). The network is continued with the blood supply 
of the exocrine pancreas (Cao & Wang, 2014). However, vessels in the islet are more tortuous, 
and have greater volume (width 8-10 µm vs. 4-6 µm) and density (Brissova et al., 2006; Favaro 
et al., 2005), and provide no less than the 10% of the total pancreatic blood flow through a highly 
fenestrated capillary (5 to 10 fold) compared to that of the exocrine pancreas (Cao & Wang, 
2014; Henderson & Moss, 1985; Kuroda et al., 1995; Marichal, 2010). A difference exists 
between the islet microvasculature in the rodents (Figure 2.6A), and in humans (Figure 2.6B) 
(Bonner-Weir, 1993; Olsson & Carlsson, 2006). In humans, islet capillaries are larger and 
significantly less dense (Brissova el al., 2015; Carlsson et al., 2002), than in rodent islet 
capillaries (Jansson et al., 2016). 
 
Adapted from Hogan & Hull (2017). 
Figure 0.6: Schematic illustration of the significant difference in the islet microvasculature 
architecture between rodents and humans. 
A) The rodent islets contain an extensive network of fine, tortuous capillaries. B) In contrast, 
human islets contain fivefold fewer, but larger vessels, which are less tortuous. 
 
In either case, in humans, two to three arterioles supply larger islets branching from the closest 




1993). These arterioles have a diameter of about 20 to 30 μm and consist of one or (rarely) two 
layers of smooth muscle fibres, all surrounded by adventitial tissues containing fibroblasts and 
occasionally, adipose tissue (Lai et al., 2007). However, small islets are usually supplied directly 
by a capillary network serving the exocrine tissues (Bonner-Weir, 1993). Capillary walls 
consisting of a single layer of endothelial cells, thus, shortening the diffusion pathway between 
the blood and tissue fluid achieve this. The efficiency of diffusion is further enhanced by the slow 
blood flow in the islet, which helps to increase the time available for diffusion (Jacob et al., 2016). 
The anatomy of islet veins depends on the species and the size of the islet. Nevertheless, these 
veins remain very similar to those found in other regions of the body. Small islets as mentioned 
above, drain with exocrine cells whereas the large ones empty directly into one to four basket-
like networks of one to four veins lying in the connective tissue between the exocrine tissues. 
The islet capsule drains into the intralobular veins and finally in the portal vein (Jansson et al., 
2016). No valve or evidence of blood flow control has been described (Jansson et al., 2016). 
The largest islet in human and rodents has a so-called ‘insuluno-acinous’ portal system, which 
is a series of connected capillary systems that appear to be important in humans and primate 
islets, although not extensively studied (Bonner-Weir, 1993). 
Islets themselves have no lymphatic vessels (O’Morchoe, 1997; Rubbia-Brandt et al., 2004, 
Källskog & Jansson, 2011; Korsgren & Korsgren, 2016). The protein-rich lymph collected from 
intercellular space is drained by peri-islet lymph vessels, which in turn drain into larger vessels, 
before returning into the systemic blood circulation (Korsgren & Korsgren, 2016). A 
lymphangiogenesis stimulator induces a marked increase in the number of lymph vessels, but 
still only on the periphery of the islets (Mandriota et al., 2001). This is also confirmed in the islet 
after transplantation (Källskog et al., 2006). 
2.3.1 The function of islet cells controlled by the pattern of blood flow 
Although there is a clear correlation between islets’ endocrine activity and blood flow (Jansson 
et al., 2016), it does not provide a good explanation for paracrine islet interaction. When it was 
discovered that glucagon was required for the stimulation of insulin secretion (Samols et al., 
1966) and insulin for the suppressing of glucagon secretion (Samols et al., 1969; 1971), the 
hypothesis of an intra-islet negative and positive insulin-glucagon feedback mechanism was 
proposed. 
The close anatomical location of the two cells within the islet led to the hypothesis that the 
interaction between the cells types (Samols et al., 1966) may be via the inter-cellular fluid, a 




both α- (Goodner et al., 1974) and β-cell secretions (Alberti et al., 1973). However, this 
hypothesis could be extended by considering that α-, β- and δ-cells mutually regulate the 
secretion of one another to maintain homeostasis of the body via the interstitial fluid (ISF). If one 
assumes that the above hypothesis is true, it is still not enough to explain how the three cell 
types could interact to maintain glucose homeostasis under particular metabolic needs. In states 
of hypoglycaemia, increasing glucagon and decreasing insulin secretions are essential for 
normalising blood glucose levels. However, this association could not be achieved when 
glucagon was accepted as an insulin secretion promoter (Samols & Stagner, 1988). The 
possible explanation for this assumption is that: 1) the glucose concentration alone in the local 
islet milieu could dictate cell-type activities, and 2) neurotransmitters, locally released may 
control cell-types that function in such a way that during an emergency, adrenergic and normal 
postprandial cholinergic supply is maintained (Samols et al., 1972). 
To support the paracrine theory, it was postulated that there could be a physical barrier between 
cells to prevent α- and β-cell somatostatin receptors being overwhelmed by the high local 
concentration of the somatostatin hormone (Kawai & Rouiller, 1981). Although this hypothesis 
was accepted, questions remained unanswered about the preference or prevention of islet cell-
type interactions (Samols & Stagner, 1988). The islet cell architecture triggers the idea of a 
potential blood flow pattern within the islet, which over the past decade has also shown serious 
controversy (Nyman et al., 2008). 
2.3.2 Islet blood flow pattern controversies 
It remains clear that consistent data on islet microvasculature is lacking (Ballian & Brunicardi, 
2007). During a symposium on the Microvasculature of the Islet in 1995 (Brissova et al., 2006), 
no less than three models were presented, and researchers were still unable to provide definitive 
answers to the question around islet microvasculature (Brissova et al., 2006; Zanone et al., 
2005). So far, no work has resulted in establishing the correct pattern of the islet microcirculature 
that could explain the supposed paracrine role (Stagner et al., 1989; Brunicardi et al., 1996; 
Samols & Stagner, 1990). However, investigators all support the hypothesis that the intra-islet 
capillaries are designed to maintain close contact with islet cells, with insulin-secreting cells 
having their apical side toward the endothelial fenestrae. Bosco et al. (2010) discussed the three 
proposed intra-islet microvasculature pattern models published to date (Figure 2.7). 
The first model (Figure 2.7A) is based on the concept that hormones which are secreted by non-
β cells affect insulin secretion by β-cells, which in turn cannot influence other secretions of islet 




This model possibly occurs only in the islet phenotype with a special cellular arrangement where 
cell types are clustered in different regions, as seen in mice, rats and rabbits, having a β-cell 
core and a non-β-cells mantle region (Orci & Unger, 1975). Thus, afferent arteries close to the 
islet divide into several capillaries as they penetrate the islet by the mantle which is first supplied, 
this before continuing towards the core centre where they are converted into venules and exit 
the islet. Blood from the core then drains into larger pancreatic veins (insulo-venous drainage). 
These veins branch into capillaries that supply the exocrine pancreas, forming the insulo-acinar 
portal system. (Murakami et al., 1993; Ballian & Brunicardi, 2007). In some monkey species and 
horses, the perfusion is, however in the opposite direction to maintain the flow of blood from 
non-β-cells to β-cells in conformity with their cellular architecture (Brunicardi et al., 1996). 
In contrast to the first model, the second model (Figure 2.7B) presents blood flowing from the β-
cells rich core of the islet, to the non-β cell-rich mantle. This suggests that insulin secreted in the 
core by the β-cells affects the other islet cell types as capillaries run towards the surface of the 
islet while forming venules. In humans and some primates, the arrangement of islet cells is 
intermingled, especially in large islets making the blood pattern difficult to describe. Still, these 
islets could be considered as being formed by a fused smaller typical core-mantle islet, in which 
blood is perfused as mentioned above, in different units and form venules outside the unit before 
leaving the islets. In all cases, the capillaries of the islets eventually form venules and flow into 
larger veins. These veins branch again into capillaries to supply the exocrine glands, thus 
forming the insulo-acini portal system just like in the first model. Several isolated studies on 
pancreas perfusion have been used to evaluate the pattern of islet microvasculature. These 
investigators using immunoglobulins against pancreatic endocrine hormones used anterograde 
and retrograde perfusion and concluded that, in most of the species, the order of perfusion is 
from β-to-α-to-δ-cells (Stagner et al., 1989, Samols & Stagner, 1990). 
In the third model (Figure 2.7C), the islet blood flow is described as feeding arterioles that 
penetrate one pole of the islet, branching into capillaries, supply cells and exit the islet through 
the other pole as venules, this before joining the insulo-acini system. In this model, blood flows 
through the islet regardless of the cell types. However, even though the order of islet cell 
perfusion is not fixed, in this model, investigators have described the regulation of blood flow 
through the islets by an external and internal gate (Aharinejad et al., 1993). The external gate 
controls the blood flow of the entire islet and is located at the terminal pole while the internal 
gate is located in the proximal capillaries, consisting of vascular ECs, and regulates the flow of 
the blood to a region of the islet with the same type cells. Here, under the influence of blood 




blood to a specific region of the islet rich in specific cell types. Therefore, in hyperglycaemia, a 
set of internal gates open and blood is directed towards the region of the islets rich in β-cells 
while the capillaries to the regions rich in α-cells are occluded. During low blood glucose levels, 
the opposite mechanism occurs. 
In summary, the pattern of islet microvasculature is considered as the basis of the islet cellular 
intercommunication. Consequently, challenges of drug delivery within the organ remains an 
enigma, with more work on the matter being required. However, other factors such as 
haemodynamics are determinants for blood vessel functions (Wootton et al., 1983) and in the 
islet may play a major role in the pathogenesis of DM in humans. 
  
Adapted from Yousef El-Goharyl, (2018) 
Figure 0.7: Schematic representation of the three blood flow patterns of islet microcirculation. 
A) Secreting hormones from non-β-cells flow to the centre of the islet affecting β-cells. B) Blood 
carries insulin secreted by β-cells from the centre of the islet to the periphery to influence non-
β-cell function at the periphery of the islet. C) Blood flow in the islet independent of cell types.  
 
2.3.3 Islet cell function and haemodynamics 
The word haemodynamic signifies the movement of blood and is, therefore, the area of study of 
the physical properties of the circulatory system (Secomb, 2016). Continuous monitoring and 
adaptation of the body to its environment are done by the haemodynamic response (Pries et al., 
2005). This ensures the transportation of necessary elements such as O2 to the body for the 
maintenance of metabolism at the cellular level, of pH, osmotic pressure, temperature as well 




vascular tree must be maintained at a specific pressure in different segment levels (Tortora & 
Derrickson, 2012). The pressure of blood flow is related to the wall tensions and is a function of 
the topographical distribution and the structural property of the vascular tree. While the vascular 
tree topography includes parameters such as parent to daughter branching pattern, size 
(diameter), number of branching nodes per parent vessel, interbranching distances, branching 
angle and bifurcation indices, the structural property is concerned with characteristics of the wall 
(individual layer thickness) (Rizzoni et al., 2017). 
In the body, all vessels have a wall and a lumen. The lumen is a hollow passage through which 
blood flows. The amounts of smooth muscle and connective tissue in the vessel wall vary 
depending on the diameter and function of the vessel, but the endothelial mucosa is always 
maintained (Alberts et al., 2002). Vessels are categorised into different types based on their 
histological structure: arteries, veins, arterioles, capillaries and venules. The wall of the artery is 
thicker than that of the vein. However they are structurally similar, consisting of three main layers: 
1) the inner tunica intima, the thinnest of the three-layer made of a single layer of endothelial 
cells, separated from the media by the basal lamina, 2) the tunica media is the thickest layer in 
the artery made up mainly of circular smooth muscle fibres, it lies between the intima and tunica 
adventitia. The adventitia is the external layer, thicker in veins. 
Most reports in the literature focused on describing the branching pattern of the pancreatic 
vasculature (Ebner & Anderhuber, 1985; Peri et al., 1969). Although histomorphological studies 
of different types of blood vessels have been done in other organs to solve several clinical 
problems e.g. uterus (AM & EA 2018), lungs (Bshouty 2012), heart (Velican & Velican, 1977; 
Keelan et al., 2016) to our knowledge, there is a  lack of data on the detailed information 
concerning the pancreatic vessels in normal and diabetic conditions. 
2.3.3.1 Principles of haemodynamics 
A relationship between the elastic properties of the arteries and the rate of blood flow in the 
vessel is established. Similar to the circulation of fluids in a tube, the circulation of blood in the 
vessels is controlled by simple physical factors. Jean Léonard Marie Poiseuille (1797-1869) 
established the fourth power relationship between the flow rate and the diameter of a tube 
subjected to a fixed pressure gradient over its entire length. To illustrate this, Ohm's law states 
that currents in a cable can be calculated by dividing the voltage by resistance. I = U / R. When 
applied to the cardiovascular system, Ohm’s law is expressed as Q = (P1-P2) / R. Where;  
U (voltage) = (P1-P2) (pressure difference) 
R (resistance) = R (resistance) 




The driving force for blood flow in the cardiovascular system is equal to the pressure difference 
between two given points in the vessel (P1-P2). In the human body, about 5 litres of blood 
circulate every minute representing about 80mL/kg body weight (BW). In fish, the pressure is 
lower and the total amount of blood perfused is small. For example, 20mL/kg BW only is perfused 
in one minute.  
Resistance plays a very important role in Ohm's equation. In the equation, the resistance itself 
is dependent on the diameter and length of the vessel, and the viscosity of the blood (fluid). 
Normally, the viscosity and length of the vessel can be considered constant. The diameter of the 
vessel and the pressure difference remain the most important factors in this equation.  
The difference in the degree of haemodynamic control and the resulting characteristics of 
microvasculature from one region of the pancreas to the other influence islet cell function. The 
development of pancreatic diseases such as insulitis in the region of the pancreatic head can be 
facilitated by such factors. It should be noted that in conditions of insulitis, which is characterised 
by the invasion of blood leukocytes into the islet, and which generally precedes the development 
of T2DM (Roberts et al.,  2017), the perfusion of the pancreatic vasculature is very high (Roberts 
et al., 2017), and may be different from one pancreatic region to another. For example, studies 
of the brain have shown that there is a strong correlation between different areas of the chinchilla 
temporal cortex and the level of both vascular density and blood flow (Harrison et al., 2002); a 
condition associated with differences in metabolic demands. This correlation may be 
extrapolated in the pancreas which already displays a different regional distribution of cell type 
in the duodenal and splenic regions. Pancreatic β cells are well known to be metabolically more 
active than other cells (Farack et al., 2019) and are more numerous in the splenic region than in 
the duodenal region. (Savari et al., 2013). Factors defining haemodynamics in the rodent islet, 
for example, may differ between the core and the mantle and this could also be associated with 
the diseases of the pancreas. Therefore, to understand the factors that lead to the destruction 
of β-cells in an environment where many other cells are present in diseases such as diabetes, 
detailed mapping of the physical principles of blood flow is needed. 
2.4 DIABETES MELLITUS AND ISLET MICROVASCULATURE 
Hyperglycaemia causes multiple alterations of the integrity of the islet microvasculature. These 
are, the changes of vessel density and diameter (Canzano et al., 2019), the nature of ECs (Li et 
al., 2003), the amount of smooth muscle around the blood vessel, the number of connective 




Madsen & King, 2005). All these hyperglycaemia-induced alterations result from the 
dysfunctionality of ECs detailed in the following section. 
2.4.1 Endothelial dysfunction in diabetes  
Diabetes and insulin resistance cause a combination of endothelial dysfunctions reducing the 
atherogenic role of the vascular endothelium. 
2.4.1.1 Manifestations of endothelial dysfunction 
The term endothelial dysfunction refers to “impairment of the ability of the endothelium to 
properly maintain vascular homeostasis” (Widlansky et al., 2003). When ECs are continually 
exposed to high glucose levels (>10 mMol/L) in vivo (Simionescu et al., 1996) and in vitro (Popov 
& Simionescu, 2006), they gradually lose their normal quiescent properties to a biosynthetic 
phenotype termed EC activation. As a result, EC dysfunction is established with the disturbance 
in the production and activities of multiple biochemical elements, which normally do not occur 
under physiological conditions (Pober & Min, 2006). 
Insulin resistance precedes T2DM and remains the physiological mechanism that characterises 
the disease. There is a relationship between insulin resistance and endothelial dysfunction (de 
Jongh et al., 2004; Villela et al., 2006, Li et al., 2011; Ghosh et al., 2017). Endothelial dysfunction 
also precedes the development of T2DM (de Jongh et al., 2004; Villela et al., 2006). For 
example, the non-diabetic subjects with diabetic parents exhibit endothelial dysfunction and an 
increase in markers of endothelial activation in the plasma (Caballero et al., 1999; Balletshofer 
et al., 2000; Tesauro et al., 2007). Non-diabetic offspring of type 2 diabetic parents with evidence 
of glucose tolerance test also showed an elevation of systemic inflammation (Meigs et al., 2004; 
Meigs et al., 2006). A technique such as the magnetic Luminex assay allows for the 
determination of these markers in the blood serum very early before the onset of DM and hence 
helps in the prevention of the disease. 
Similarly, other multivariable predictors of the occurrence of T2DM are flow-mediated dilation 
(Rossi et al., 2005) and polymorphisms of endothelial NO synthase (eNOS) (Monti et al., 2003). 
The fact that endothelial dysfunction precedes the development of DM indicates that there may 
be a common pathophysiological mechanism of a causal link between insulin resistance and 
endothelial dysfunction. Clinically, treatments such as resveratrol (Tabit et al., 2010) and 
Metformin (Nasri & Rafieian-Kopaei 2014) that improve insulin sensitivity automatically enhance 




2.4.1.2 Mechanisms of endothelial cell dysfunction  
Obesity and DM, play detrimental roles in the pathogenesis of atherosclerosis and 
cardiovascular diseases (Ghosh et al., 2017). There is increasing evidence that dysfunction of 
the vascular endothelium is early events in the pathogenesis of atherosclerosis and T2DM. The 
following section summarises the roles and underlying mechanisms regarding free fatty acids 
and glucose-mediated endothelial dysfunction using the literature. Endothelial cell dysfunction 
is characterised by altered EC signalling leading to increased oxidative stress, elevated 
expression of pro-inflammatory and pro-thrombotic factors, activation of protein kinase C (PKC), 
and abnormal vasoreactivity. All these factors decrease the mechanism of intracellular NO 
bioactivity (Barac et al., 2007; Tabit et al., 2010). Therefore, if the signalling pathways involved 
in free fatty acid and glucose-induced endothelial dysfunction are well-targeted, this could serve 
as a preventive approach against endothelial dysfunction and the subsequent complications 
such as atherosclerosis. These items are further clarified in the indicated paragraphs. 
Activation of the eNOs 
One of the most important mechanisms of EC dysfunction is an alteration in the intracellular 
signalling pathway that causes the activation of the eNOs (Tabit et al., 2010). This process is 
well studied (Figure 2.8): The production of NO in ECs depends on the enzymatic conversion of 
arginine to NO and cirulline by eNOs (Marletta, 1993; Zweier, et al., 1999). Endothelial NO 
synthase (enzyme) is normally expressed in caveolae. Caveolae are invaginated plasma 
membranes, rich in specialised lipids and proteins, for example, caveolin-1 (Shaul, et al., 1996). 
Normally, eNOS has a very low level of basal activity due to its association with caveolin-1 but 
becomes activated within seconds after stimulation of ECs by acetylcholine and serotonin. 
Endothelial NO synthase (enzyme) activation can be enhanced by other protein-protein 
interactions, oestrogen, bradykinin, shear stress via the activation of the phosphoinositide-3 
kinase (PI3 kinase) and Akt (or protein kinase B) system (Dimmeler, et al., 1999; Montagnani, 
et al., 2001). Once produced, eNOs-derived NO diffuses locally into the arterial walls and 
activates guanylyl cyclase in smooth muscle (enhancing vessel dilation) (Figure 2.8A), platelet 
vessels and ECs to induce its biological effects. Insulin stimulates the activation of eNOs in the 
context of endothelial dysfunction in diabetics. The binding of insulin to its receptor (insulin 
receptor substrate, IRS) causes phosphorylation and activation of eNOs via PI3 kinase 
(Muniyappa & Sowers, 2013). Studies demonstrate that inactivation of endothelial-specific 
knockout of the insulin receptors reduced eNOs expression and caused vasodilatory endothelial 




Increased oxidative stress 
Another important mechanism by which the development of endothelial dysfunction is 
established in diabetes and associated conditions is the increase of oxidative stress. The 
exposure of the arterial tissue to high glucose and fatty acid levels cause the production of 
superoxide and a failure in the bioactivity of NO in the vascular walls (Inoguchi et al., 2000). 
The increase in oxidative stress has a potential effect on the failure of eNOs bioactivity in several 
ways. The first reaction may be between superoxide and NO to produce peroxynitrite, a strong 
reactive oxygen species (ROS) and that of guanylyl cyclase in the smooth muscle of the vascular 
wall; a reaction which automatically does not only reduce the formation of NO but also that of 
the responsiveness of target tissues to NO (Zou, et al., 2002, Munzel, et al., 2005). Secondly, 
the cellular redox status of critical eNOs cofactors such as tetrahydrobiopterin is also influenced 
by ROS that uncouples eNOs and causes the production of superoxide rather than NO (Guzik, 
et al., 2002). Reactive oxygen species can also increase lipid peroxidation products that interfere 
with the receptors of the activation of eNOs leading to the inactivation of NO and a reduction of 
the responsiveness of target tissues to NO (Tong, et al., 2010). 
Several sources of superoxide have been identified in the vascular tissue. One of them is the 
nicotinamide adenine dinucleotide phosphate-oxidase (NADPH oxidase), a membrane subunit 
highly involved in the cellular inflammatory process and normal EC signalling (Stocker & Keaney, 
2004). Nicotinamide adenine dinucleotide phosphate-oxidase and superoxide are highly 
increased in pathological conditions such as in DM. Antioxidant treatments such as alpha-
tocopherol restore the endothelial function under these conditions (Beckman, et al., 2003). 
Even though oxidative stress contributes to endothelial dysfunction and that antioxidants can 
improve endothelial function in certain situations, large-scale treatment with alpha-tocopherol 
has failed to show the expected beneficial effects. A strategy prepared to inhibit the enzymatic 
source of ROS will be able to bring a greater relief in the treatment of endothelial dysfunction 
associated with DM. 
Pro-inflammatory induced activation of endothelial cells 
Pro-inflammatory factors such as tumour necrosis factor-alpha (TNF-α) and C-reactive protein 
activate the ECs to express adhesion molecules (Huang & Vita, 2006). Expression of adhesion 
molecules associated with other factors accelerates the inflammatory process of the EC leading 
to the reduction of eNOs cellular expression and the loss of NO bioactivity (Zhang et al, 1997; 




Hyperglycaemia causes a systemic inflammation which impairs EC function and contributes to 
atherosclerosis (Beckman et al., 2002), which is why the level of circulatory inflammatory 
markers (TNF, interleukin intercellular adhesion molecule and C-reactive protein) is very high in 
diabetic patients (Dandona et al., 1998; Festa et al., 2000; Vozarova et al., 2001 Keaney et al., 
2004). 
One of the key regulators of endothelial activation is the transcription nuclear factor kappa B 
(NFκB), also linked to the pathogenesis of insulin resistance (Read, et al., 2006). Nuclear factor-
kappa B is activated by inflammatory cytokines, free fatty acids, and the receptor for advanced 
glycation end products (RAGE) (Bierhaus et al., 1997; 2001; Kim et al., 2001). Hence, NFkB 
knockout prevents insulin resistance (Shoelson et al., 2006). 
Activation of protein kinase C 
Protein kinase C is a family of serine/threonine kinases with a crucial role in signal transduction 
of a wide variety of cell types (Nishizuka, 1984). The serine/threonine kinases family is formed 
by several isoforms, the most important being the PKCβ isoform which can be activated by the 
accumulation of diacylglycerol (Inoguchi et al., 1992) leading to the reduction of eNOs 
phosphorylation (Tesfamariam et al., 1991). During hyperglycaemia and elevated fatty acids in 
the blood (Figure 2.8B), diacylglycerol accumulates due to an alteration of mitochondrial 
substrates utilisation (Morino et al., 2006). On the other hand, PKCβ activates NFkB (Itani et al., 
2002; Rask-Madsen & King, 2005). The bioactivity of NO is enhanced by inhibiting PKCβ 
(Kouroedov et al, 2004) thus preventing the development of endothelial dysfunction (Beckman 
et al., 2002). The link between inflammation, endothelial dysfunction and insulin resistance in 





Adapted from Tabit et al., (2010) 
Figure 0.8: Insulin-mediated activation of eNOS pathway. 
A) In healthy condition (normal glucose and free fatty acid level), insulin binds to the insulin 
receptor in tissues leading to the production NO via a chain of a complex mechanism involving 
the phosphorylation of endothelial nitric oxide synthase (eNOS). B) Hyperglycaemia and obesity, 
on the other hand, causes the activation of PKCβ leading to the activation of NFκB, which blocks 
the insulin signalling and reduces the synthesis of nitric oxide (NO) and thus the vasodilatation.  
 
Mitochondrial dysfunction 
Recent studies have demonstrated proximity between mitochondrial dysfunction and the 
mechanism of increased formation of superoxide and activation of PKCs in the diabetic vascular 
system (Kim et al., 2008, Sergi et al., 2019). Under normal physiological conditions, the main 
function of mitochondria is to use oxygen to produce adenosine triphosphate (ATP), the main 
source of energy in the cell. However, 1 to 2% of the total amount of oxygen used by the 
mitochondria is devoted to the formation of superoxide (Chance et al., 1979). Superoxide is very 
important in cell growth, differentiation and programmed cell death (Bancroft & Gamble, 2008). 
Increase of ROS derived from mitochondria enhances the activation of a central regulator of 
cellular energy, AMP (5' Adenosine monophosphate-activated protein) kinase (Quintero et al., 
2004), and leading to mitochondrial dysfunction. This abnormality is prevented by mitochondria-
directed antioxidants, such as lipoic acid, and therefore improves insulin sensitivity, Akt-




The mitochondrial dynamics that govern the formation of new mitochondria depend on eNOs 
and NO bioactivity (Nisoli, et al., 2003). The mechanism is altered in pathological conditions 
such as DM and is characterised by an accumulation of dysfunctional mitochondria. As a result, 
there is an increase in ROS and impaired ATP production (Twig, et al., 2006). 
Increase circulating endothelial cell 
Endothelial cells exposed to chronic hyperglycaemia may experience senescence and apoptosis 
(Piconi, et al., 2006, Liu, et al., 2014). This condition causes ECs to be detached from their BMs 
and released into the circulation. In the circulation, they are either detected as circulating mature 
endothelial cells (CEC) if detached as an entire cell or microparticles when the detachment is 
partial (Avogaro, et al., 2011). Circulating endothelial cell levels are therefore higher in Type 2 
diabetic patients, irrespective of the level of glucose control. Coronary heart disease is predicted 
by elevated EC-derived endothelial microparticles in the blood, which is an even more significant 
independent risk factor than the presence of diabetes, hypertension or lipid levels. Endothelial 
cell apoptosis causes arterial denudation that induces a cascade of proatherosclerotic processes 
(Nomura, 2009). 
The next section reviews studies highlighting morphological changes in the vascular structure 
under conditions of diabetes with the focus on the endocrine pancreas. 
2.4.2 Examples of the implication of hyperglycaemia on the vasculature of tissue organs  
2.4.2.1 The pancreatic environment 
 High blood sugar level causes dysfunction of ECs which lead to severe vascular structural 
changes. The morphology of the islet capillary in humans with T2DM presents with the following 
main changes: cell enlargement, in which about 36% is an increase in vascular density (Brissova 
et al., 2015; Shah et al., 2016), thickening and/or dilated and fragmented capillaries, irregular 
capillary morphology, thickening of capillary BM and increased abnormal endothelial 
permeability (Li et al., 2006; Roy et al., 2010). These changes are well documented in humans 
and a variety of rodents (Li et al., 2006; Shao et al., 2006; Lacraz et al., 2009). Recently, it has 
been shown that acute and long-lasting hyperglycaemia is associated with reduced glycocalyx 
dimensions, which may play a major role in ECs dysfunction under this condition (Cheng et al., 
2016). 
In combination, the phenotypes that characterise the EC under the insult of high glucose (HG) 
level demonstrate noticeable cell plasticity, associated with an alteration in specific molecules 




vascular dysfunctions has not been established. It has been observed that these vascular 
transformations are more pronounced in specific organs in the body such as the eye 
(retinopathy), kidney (nephropathy) and nervous system (neuropathy). Unfortunately, studies on 
the structure of the islet microvascular system on which the survival and function of β-cells 
depend under normal and pathological conditions have been neglected. In the next section, the 
pattern of the structural changes described in the eye in patients with retinopathy, as an example 
of an organ affected by DM, will be discussed. 
2.4.2.2 The retina 
Diabetic retinopathy (DR) is characterised by damage to small vessels of the retina. The disease 
affects about 100 million people worldwide and has become a huge burden in society (Antonetti 
et al., 2012; Duh et al., 2017; Leasher et al., 2016). The effects of hyperglycaemia on non-
vascular tissues have been identified in the eye region and are very important in the development 
and progression of DR, albeit in unison with the vasculature (Duh et al., 2017). Diabetic 
retinopathy is classified into two main categories: 1) the non-proliferative diabetic retinopathy 
(NPDR) classified according to some visible features such as intraretinal microvascular 
abnormalities (IRMA), changes in venous size, microaneurysms and retinal haemorrhages and 
2) the advanced stage of PDR, characterised by growing new blood vessels from the pre-existing 
retinal vasculature (also called pathologic preretinal neovascularization). Until recently, all visible 
features have been the mainstay for the detection and diagnosis of DR but with improved 
technology, the evaluation of more subtle pathology such as altered retinal function and neural 
layer abnormalities in patients is possible. 
Diabetic macular oedema (DME) is a feature common to both NPDR and PDR (Duh, Sun & Stitt, 
2017). The DME remains the primary cause of visual blindness in patients with DR and is a 
consequence of rupture in the blood-brain barrier. Blood-brain barrier rupture results in a leakage 
of intravascular fluid and circulating proteins that invade the neural retinal tissue (Frey & 
Antonetti, 2011). The extravasation of fluid into the neural retina causes an abnormal retinal 
thickening and sometime cystoid oedema of the macula (Duh et al., 2017). 
Characterised histologically in certain long-term preclinical models and human post-mortem 
eyes, retinal vascular lesions are always preceded and/or accompanied by an early loss of 
pericytes and vascular BM thickening and eventual death of ECs, which are the main 
characteristics of vasodegenerative in early DR (Curtis et al., 2009; Mizutani et al., 1996). 
Notably, most processes leading to a vascular lesion in DR have a direct impact on vision. Loss 
of vessel integrity results in the progressive nonperfusion of the retinal vascular bed in NPDR, 




localised ischemia (Stitt et al., 2016). Ischaemia results in an alteration in normal oxygenation 
levels, the driving force behind the origin of the expression of pro-angiogenic growth factors. The 
increase in growth factor production stimulates angiogenesis and leads to the formation of new 
vessels. The newly formed vessels protrude into the preretinal space, which can result in vitreous 
haemorrhage or retinal detachment resulting in severe vision loss (Stitt et al., 2016). 
Basement membranes in the human retinal vasculature undergo diabetes-dependent alterations 
(To et al., 2013). It has been postulated that BM thickening in hyperglycaemia is associated with 
the following events: 1) formation of “advanced glycation end products” of BM proteins (Stitt et 
al., 1997; Degenhardt et al., 1998; King, 2001); 2) a strong increase of cross-linking and a 
decreased rate of BM protein degradation; and finally 3) an up-regulation of BM protein synthesis 
(Kuiper et al., 2008; Roy, et al., 2010). 
However, research is still not clear on why and how BMs thicken and why such structural 
changes result in the chronic conditions associated with diabetes, such as diabetic retinopathy. 
Postulating that a too thick BM can prevent the passage of metabolic molecules and immune 
cells is a possible answer to this question. For example, impaired oxygen diffusion across the 
vascular wall contributes to hypoxia-induced uncontrolled angiogenesis in the retina and vitreous 
body, leading to delayed wound healing and peripheral nerve damage, (Kuiper et al., 2008). 
Thickening of the BM may also cause a reduction in vascular elasticity, thus inducing high blood 
pressure (Curtis et al., 2009; Zatz et al., 1986). 
If retinopathy describes the standard structural pattern of the effect of hyperglycaemia on body 
tissues, then what are the factors or mechanisms that prevent this standard process to occur in 
nephropathy and neuropathy as the literature do not report these pathologies to be a 
consequence of excessive angiogenesis (Reidy et al., 2014)? Although the early stage of these 
pathologies (retinopathy, nephropathy neuropathy and other vascular diseases associated with 
high blood glucose level) always starts with the activation of ECs (excessive channelling of 
glucose intermediaries into various metabolic pathways with the generation of AGEs and ROS 
followed by tissue ischaemia), the mechanism that causes the later stage of these diseases in 
different tissues seems to take different directions. Few studies on the effect of insulin resistance 
and hyperglycaemia on the islet microvasculature are reported in the literature. Just as in the 
eyes, EC dysfunction in the pancreas causes thickening of BM but with less reported further 
events that finally may lead to β-cell death in the pre-diabetic state (Li et al., 2006; Roy, et al., 
2010). However, assuming that unknown factors lead to insulin resistance in T2DM, for example, 
which associates islet microenvironment more often with higher sugar levels, how do beta cells 




2.5 VASCULAR REPAIR 
It was thought that mesodermal cell differentiation into angioblasts and subsequent endothelial 
differentiation occur exclusively during embryonic development (Urbich & Dimmeler 2004). This 
dogma was reversed in 1997 with the publication of Asahara (1997) and peers who showed that 
purified CD34 and haematopoietic progenitor cells obtained from adult humans, differentiated 
ex vivo into cells possessing the properties of ECs. Investigators termed these cells "EPCs" and 
found that they expressed many other EC markers. At the site of ischaemia and wounds, these 
cells were being incorporated into neovessels. 
The discovery of EPCs has given hope to scientists dedicated to research into the biological 
mechanisms that can replace mature and/or damaged ECs in the body. However, several 
studies support the idea that EPC alterations are involved in the pathological process of 
cardiovascular disease in diabetes, but several questions remain unanswered. In this section, 
the link between endothelial progenitor cells and vascular diseases in DM is discussed.  
2.5.1 Endothelial progenitor cells 
The origin and definition of EPCs have been controversial since their discovery (Asahara et al., 
1997). Based on the selection of cell surface antigen expression, Asahara et al. (1997) isolated 
EPCs or angioblasts from human peripheral blood using magnetic grains. Endothelial progenitor 
cells are now known to be a distinct population of cells that can differentiate and promote vessel 
repair in adults (Urbich & Dimmeler 2004). However, no unique or specific protein marker can 
be used to isolate EPCs from the peripheral blood (Hirschi et al., 2008). Three general 
approaches of EPCs identification have been described in humans (Yoder, 2012). 
One of the first and simplest methods is to collect low-density mononuclear cells (MNCs) from 
the peripheral blood and plant them in petri-dishes coated with fibronectin and covered with a 
culture medium enriched in foetal serum and endothelial factors (Asahara et al., 1997). Four to 
five days after culture, the cells floating in the culture medium are removed; cells adhering to 
fibronectin are examined morphologically for consideration as EPCs. However, this method 
lacks specificity and therefore cannot be recommended for either isolation or enumeration of 
EPCs (Yoder, 2012). Blood platelets, for example, are known to contaminate MNC preparations 
in this method (Prokopi et al., 2009). 
The second approach in EPC identification is based on the particular pattern of cell surface 
antigen expression on the cell (Asahara et al., 1997). The fact that no specific marker for EPC 
is defined has rendered the isolation of EPCs over time very difficult. The use of CD34 and fetal 




for EPCs were instituted and have continued to be used as substitute markers for the presence 
of a circulating cell lineage showing vascular reparative properties (Yoder, 2012). In addition to 
haematopoietic and progenitor cells, CD34 is also expressed on many other cell types such as 
mature ECs, epithelial, mesenchymal, and even cancer stem cell populations, and is therefore 
inadequate as a single marker for the discrimination of all putative cell lines. 
Kinase insert domain receptor, on the other hand, is a VEGFR, also widely expressed on 
endothelial, cardiac and blood cells, and therefore not useful for discriminating between cell lines 
expressing CD34. Additional markers are certainly needed for the identification of functional 
EPCs (Peichev et al., 2000). Peichev et al. (2000) used adenosine phosphate 133 (AP133), a 
novel 120 Kd glycosylated polypeptide to separate peripheral blood cells as this cell marker is 
not expressed by mature ECs. Thus, co-expression of KDR and AP133 on CD34-positive cells 
phenotypically identifies a unique population of functionally CEPCs. 
The third approach used to identify human circulating EPCs is based on the colony-forming 
ability of in vitro plated MNC (Ito et al., 1999). This method was an expanded form of the first 
method (Asahara et al. 1997) in that blood cells were isolated and plated in fibronectin-coated 
petri dishes twice: first for 24 hours and then for 7 days. The reason for the pre-planting was to 
remove any circulating monocytes, macrophages or mature endothelial cells from the MNC 
fraction that could contaminate the putative EPC test system. While commendable, the impact 
of the method was diminished because investigators could not prove that all of these cells were 
depleted. The method was then improved by Hill et al. (2003) who brought pre-planting to 48 
hours and the test has been commercialised since then. 
2.5.2 Origin of endothelial cell during tissue repair 
Endothelial progenitor cell lines are derived from different precursors cells. During tissue repair, 
ECs (CD14++, CD34+++, CD133) may be formed from several possible sources of EPCs (Figure 
2.9) and other circulating progenitor cells and circulating mature ECs; the bone marrow-derived 
haematopoietic (CD34, CD45, CD133++) (Jackson et al.,2001) and mesenchymal (C-kit, CD34) 
(Sabry et al.,2016) stem cells and the non-bone marrow tissue-resident (C-kit) (Beltrami et al., 
2003) stem cells (Urbich & Dimmeler 2004, Mutin et al., 1999). Although haematopoietic stem 
cells (CD14+, CD45) are the direct precursor of EPCs, EPCs may also be generated from their 





Adapted from Urbich & Dimmeler 2004 
Figure 0.9: Schematic representation of an overview of the potential origin of endothelial 
progeny and their specific biomarkers within the circulating blood. 
2.5.3 Role of endothelial progenitor cells 
Defining the role of EPCs remains complicated because so many different EPCs definitions have 
been used (Rafii & Lyden, 2003). A growing consensus is emerging that many circulating blood 
cells are involved in the process of forming new blood vessels as well as remaining novel 
therapeutic targets for disease of the cardiovascular system (Yagihashi et al., 2011). The 
controversy exists as to whether cells that have many characteristics of the haematopoietic 
lineage but participate in the formation of new blood vessels should be called EPCs or not. In 
clinical practice, circulating EPCs concentrations have been used as a biomarker for detection 
and disease staging (Alaiti et al., 2010). Patients with DM have impaired EPC function and 
therapeutic measures to restore EPC function have been proposed (Fadini et al., 2007). 
However, higher levels of CEPCs detected in the circulation of patients, predicted a better health 



































2.5.4 The mobilisation of endothelial progenitor cells and mechanism of vascular repair 
The number and function of EPCs appear to be inversely related to the severity and degree of 
atherosclerosis (Tepper et al., 2002; Loomans et al., 2004). In addition, growth factors and 
cytokines such as VEGF, SDF-1(stromal cell-derived factor-1), erythropoietin, and oestrogens 
may also stimulate the mobilisation of EPCs from their various sources in the body (Zampetaki, 
et al., 2008; Cubbon et al., 2009). 
Endothelial progenitor cells in the circulation are directed towards the injured endothelium by 
chemokine signalling such as tissue hypoxia-induced increased expression of SDF-1. Facilitated 
by the interactions between SDF-1 and chemokine receptor CXC 4 (CXCR4), EPCs adhere to 
the injured site and begin to proliferate and to form new ECs or to release pro-vasculogenic 
cytokines (Ceradini et al., 2004). Once integrated into the injured site, EPCs intervene in 
endothelial repair either by proliferation or by the formation of new ECs or by releasing growth 
factors and pro-vasculogenic cytokines. These molecules are essential for the proliferation of 
local mature ECs or other EPCs (Rennert et al., 2012). Recent research has suggested that 
cardiovascular risk factors such as obesity and DM impede not only the differentiation and 
function of EPCs but also the recruitment of these cells (McClung et al., 2005; Avogaro et al., 
2011; Lee & Poh, 2014; Stitt et al., 2016). 
2.6 METHODS OF ASSESSMENT OF VASCULAR STRUCTURE AND FUNCTION 
The primary method used to assess macrovascular structure is by means of ultrasound (‘B-
mode’ imaging) with the focus on the carotid artery. The carotid artery is widely imaged as it is 
accessible, easy to measure and associated with cardiovascular events in adults (O’Leary et al., 
1992). The intima and media thickness is reported in a combined fashion because ultrasound 
results of the intima cannot be separated from that of the media (Järvisalo et al., 2001). 
On the other hand, microvasculature at the cellular level is very important and can reveal the 
global changes of an organ in a disease condition. However, the study of these tiny structures 
is challenging (Schatten, 2012). Several techniques have been used to demonstrate the 
microvascular system in humans and animals. These attempts were made to obtain the precise 
microvascular architecture of system organ but with controversial results (Aharinejad & 
Lametschwandtner, 1992). Despite the development of electron microscopy imaging, vascular 
corrosion cast techniques have remained the best choice in studying the 3-D topography of small 
blood vessels (Verli, et al., 2007). This technique started in a gross anatomy laboratory where 
the pursuit was to find a substance that could fill the major body space and vessels (Schatten, 




replicas of blood vessels followed by their investigation under scanning electron microscopy. 
This achievement opened a new era in micromorphological research (Aharinejad & 
Lametschwandtner, 1992). This technique of exposing blood vessel patterns attracted the 
interest of numerous scientists endeavouring to solve several unanswered medical and 
biological challenges (Verli et al., 2007). 
Several techniques have been used to study the endothelial function in humans which often 
evaluate NO-dependent vasodilatation. Otherwise stated, the evaluation of endothelial function 
involves the analysis of EC reactivity to vasodilator or vasoconstrictor stimuli, thus contributing 
to the advancement of the understanding of cardiovascular diseases and possible therapeutic 
targets (Verma, 2003), such as flow dilatation, venous occlusion plethysmography, and serum 
marker measurement. However, none of these methods has been applied in the clinical setting, 
due to the invasiveness, high costs and difficulty in standardisation of techniques (Brocq et al., 
2008). 
2.7 THE USE OF ANIMAL MODELS IN VASCULAR RESEARCH ASSOCIATED WITH 
DIABETES MELLITUS 
Of all the living beings, humans are the most affected by DM and thus several investigations 
have been conducted to alleviate this disease burden (Mbanya et al., 2010). Unfortunately, for 
ethical reasons, humans are excluded in basic diabetic research, with the use of animals filling 
this void. Several animal species have been used for this purpose, with rodents being the most 
utilized because of their high availability, fast reproduction, both easy to house and maintain. In 
addition, rodent anatomy and physiology which shares many similarities with human anatomy, 
are well understood by researchers, thus making results easily applicable for clinical purpose if 
necessary (Dolenšek et al., 2015). Diabetic animal models are developed by different methods, 
namely, chemical (King, 2012), genetic (Drel, 2011), spontaneous autoimmune (Wei et al., 2011) 
and surgical models (partial pancreatectomy) (Brendle, 2010) to name a few. Chemical methods 
using diabetogenic compounds have been extensively used in diabetes research because they 
are inexpensive and easy to use (Tesch & Allen, 2007). Streptozotocin (STZ) has been one of 
the most frequently used as a compound that can selectively destroy β-cells leading to 
hyperglycaemia (Kwon et al., 1994; Chaudhry et al., 2013, Eleazu et al., 2013). In the past, STZ 
has been used mainly to generate T1DM. However, recently, Reed (2000) combined a high-fat 
diet (HFD) and a low dose of STZ to develop a diabetic animal model mimicking human T2DM. 
Note that STZ internalises in the β cells through the low-affinity GLUT2 transporters on their cell 




the transporters are very reduced (1 to 2% in rats) on the β cell membrane (Eizirik et al., 1994, 
Tyrberg et al 2001). However, in malignant cells, the transporters are very high. Hence STZ has 
been administered to a human to selectively destroy malignant pancreatic cells (Flatt et al., 1987, 
Ledoux & Wilson 1984). Recently human β-cells transplanted into rodents were not destroyed 
in animals treated with high doses of STZ (Tuomilehto et al., 2001). 
The use of animals in cardiovascular diseases associated with DM is well reported in the 
literature (Dufrane, Goebbels & Gianello, 2010; Thomas et al., 1999). However, little work has 
been done to quantitatively and qualitatively assess the characteristics of the islet 
microvasculature, which may be the leading cause of DM. For this reason, rodents have become 
a convenient model for such investigations when researching DM. 
In conclusion, interesting work on the understanding of the genesis, pathophysiology and 
treatment of DM has led to the development of several strategies for the management of the 
disease. Today, in our society, sophisticated techniques and the high quality of drug delivery 
has helped to control the blood glucose level in patients with DM. However, cardiovascular 
disorders associated with high blood glucose levels remain the main cause of death in these 
patients, conditions which appear to begin even before the onset of the disease, triggering an 
alarm on the integrity of the pancreatic vascular system from which insulin is secreted. The title 
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CHAPTER 3: MATERIALS AND METHODS 
3.1 MATERIALS 
Human and rodent pancreases have minor morphological differences but are similar in function 
(Dolenšek et al., 2015). However, Wistar rats (Rattus norvegicus) were used in this study 
because they were readily available and their large size (in contrast to mice, which are smaller) 
favours easy access to their organs. On the other hand, oestrogens reportedly prevent the full 
diabetogenic effects of STZ (Le May et al., 2006); therefore females were not included in this 
study. The details of the ethical clearance, animal sampling, treatment, and experimental 
procedures used to test the study hypothesis are the focus of this chapter. 
3.1.1 Ethics 
Ethical approval (Reference number: SU-ACUD 15-00009) was obtained from the Stellenbosch 
University (SU), Research Ethics Committee: Animal Care and Use (REC: ACU). The 
experiment complied with the guiding principles laid down by the Animal Welfare Organisation 
and the Society for the Prevention of Cruelty to Animal (SPCA), and all the recommendations of 
the declaration in accordance with the Animal Unit Guidelines for Use of Animals. 
Individual animal records and daily monitoring sheets (Appendix 1 & 2 respectively) adapted 
from those in the Animal Unit of the Faculty of Medicine and Health Sciences, Stellenbosch 
University were used to track the well-being of the animals during the whole period of the 
experiment (88 days). All the animal treatments and the laboratory procedures were performed 
at Stellenbosch University by the principal investigator under the supervision of a qualified 
veterinarian. 
3.1.2 Source and condition of the animals 
The Animal Unit of the Faculty of Medicine and Health Sciences, Stellenbosch University 
sourced and housed all the animals used in the study. Adult male Wistar rats (n=50) aged six to 
eight weeks (Wistar rats older than twelve weeks are highly vulnerable to STZ) (Wang-Fischer 
& Garyantes, 2018) were randomly selected and transferred 5 per cage from the source room 
to the experimental room, prepared for this purpose. Each cage is a large rectangular plastic 
container (58 x 28 x 29cm) which was lined with sterilised absorbent corncob bedding (Cobtech, 
Harrismith, South Africa) to improve animal comfort. Before data collection, individual animal’s 
ear punch was used for animal identification; the animals were allowed to acclimatise to their 




levels were monitored every 3 days. For further study, only the animals weighing between 200-
300g and proven normoglycaemic during the 10 consecutive days were used. 
The animals were kept in a room with a controlled temperature of 24–26°C and on a normal 12 
hours light / dark cycle for the duration of the experiment. The experimental period was 
considered to be 88 days, starting on the day the animals were collected from the source room 
to the last day of the diabetic period and was split into 1) an acclimatisation period (10 days), 2) 
a pre-diabetic period (14 days), 3) a non-diabetic post-STZ injection period (4 days) and 4) a 
diabetic period (60 days) (Figure 3.1). 
The rat’s body weight (BW) and fasting blood glucose level (BGL) were recorded every 3 days 
using an electronic scale and an ACCU-CHEK Aviva blood glucose meter (Roche Diagnostic, 
South Africa) respectively. Blood used for the testing of glucose level was always obtained by 
pricking the animal tail with a sterile needle (Guerreiro et al., 2013) (Appendix 3). Food and clean 
water were provided ad libitum. However, the night prior to BW and BGL assessments, food was 
retrieved from each cage (animals were fasted overnight (12 hours). Because rodents are 
coprophagic (eating faeces) (Torrallardona et al., 1996), to obtain accurate fasting BGL results, 
animals were transferred into clean anti-coprophagic cages a night before the day of the blood 
glucose test, with no food but with clean water. 
The daily food and water intakes per rat were recorded throughout the period of the experiment: 
every morning food was weighed before being supplied to each cage. The next morning, the 
remaining volume of food was weighed and the difference considered as daily food consumption 
per cage. The daily food consumption per rat was then calculated by dividing the daily 
consumption of each cage by the number of animals (five rats) in the cage. 
This study had two distinct phases. While the first phase had two major experimental procedures 
aiming to induce DM and monitor the animals, the second phase consisted of three main 
experimental procedures conducted to obtain, treat and analyse the samples collected from the 
animals. 
3.2 EXPERIMENTAL DESIGN AND DIABETES INDUCTION 
The experiment was designed to develop the T1DM and T2DM animal models using STZ. These 
two models were to mimic human T1 and T2DM. Human T2DM is known to be preceded by a 
prediabetic period with insulin resistance (Skovsø, 2014). Therefore, insulin resistance was 




3.2.1 Induction of insulin resistance 
After ten days of acclimatisation, animals were divided into two main groups (Figure 3.1): the 
first group named RAC (n=30) continued to be fed with the standard rat chow (RAC) (Atlas 
Animal Feed, Cape Town) (Appendix 4), while the second group, named HFD (n=20) was 
exposed to a diet with a high-fat content (HFD). The two groups were maintained for 14 days 
under their respective diets before undergoing an oral glucose tolerance test (OGTT). After the 
OGTT, the RAC and the HFD groups were further divided into two and three subgroups of 10 
animals each, respectively. The three subgroups from the RAC were named NC (Normal 
Control, n=10), C-SSC (Control to STZ induced T1DM, n=10) because they received the sodium 
citrate buffer solution (SSC) and RAC / STZ (STZ induced T1DM; n=10) as they received STZ 
solution.  
The two subgroups from the HFD group were named C-HFD / SSC (Control to HFD / STZ 
induced T2DM n=10) and HFD / STZ (STZ induced T2DM n=10) (see Figure 3.1 below). The 
NC, C-SSC and C-HFD / SSC subgroups served as control animals: NC (healthy untreated 
subgroup) control to all the subgroups, C-SSC control to RAC / STZ and C-HFD / SSC control 
to HFD / STZ (see Figure 3.1). An evaluation of the pre-diabetic state of the RAC / STZ and HFD 
/ STZ animals subgroup was conducted prior to diabetes induction (STZ injection) using an 
OGTT. 
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Day 0 marked the first day of the experiment when the animals were collected from the source 
room for acclimatisation, day 10 the introduction of HFD for the induction of insulin resistance, 
day 24 the administration of STZ for the induction of T1DM and T2DM, day 28 the confirmation 
of diabetes (BGL > 15 mMol/L) and hence marking the first day of the diabetic period. Finally, 
day 88 marked the day of sample (blood and tissues) collection. 
The HFD consisted of 33% RAC supplemented with 7% sucrose (Illovo, SA), 33% condensed 
milk (Nestlé, SA) and 15% cooking fat (Hudson & Knight Ltd, SA) by weight, the remainder being 
added water (Salie et al., 2014) (Figure 3.2). In other words, to obtain 100g of the HFD, 33g of 
RAC, 33g of condensed milk, 15g of cooking fat, 7g of sucrose and 12g of water were mixed in 
a plastic container. 400-600g of HFD was prepared and kept in the refrigerator (4°C) to feed 
both HFD groups (C-HFD / SSC and HFD / STZ) for three consecutive days. The amount of the 
food to be given to the animals each morning was weighed, and allowed to warm at room 
temperature for 30 min before being supplied. If after the 3 days there was any remaining food 
left, it was discarded and a new one prepared. 
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Figure 0.2: Schematic representation of the percentage by mass of each component present 
in the high-fat diet (HFD). 
 
3.2.1.1 Oral glucose tolerance test 
A day before the oral glucose tolerance test (OGTT), each animal subgroup (RAC / STZ, HFD / 
STZ) fasted overnight. The following morning, after recording the baseline BW and BGL (as 




administered orally to each animal via a gavage needle (Appendix 5) (Yessoufou et al., 2011). 
The oral route was chosen in the study because it remains the best physiological route of glucose 
absorption in the body (Pacini et al., 2013). Immediately after the gavage, a timer was set at 
0:00 seconds to start timing. Subsequently, blood glucose levels were recorded at the following 
time intervals: 3 minutes (min), 5min, 10min, 20min, 30min, 45min, 60min, 90min and 120min. 
Animals were returned to the experimental cages for diabetes induction. 
3.2.2 Diabetes induction 
Previous studies revealed that a high dose of 45-65mg/kg BW is the common doses of STZ 
used for the induction of T1DM (Litwak et al., 1998; Zarros et al., 2009; Wang-Fischer & 
Garyantes, 2018) and a low dose of 35mg/kg BW is the best dose for T2DM induction (Skovsø, 
2014, Srinivasan et al., 2005). Therefore doses of 50 and 35mg/kg BW were chosen to be 
administered to RAC / STZ and HFD / STZ subgroup respectively. 
3.2.2.1 Type I diabetes mellitus: Streptozotocin-induced diabetes mellitus 
Upon completion of the OGTT, each animal in the RAC / STZ subgroup (n=10) received an 
intraperitoneal injection of a single dose of 50mg/kg BW of STZ solution (Appendix 6). A 2% 
sucrose solution in addition to clean water was supplied to the animals for 48 hours immediately 
after STZ injection to prevent sudden hypoglycaemia (Litwak et al., 1998; Tesch & Allen, 2007). 
Streptozotocin (Sigma-Aldrich, Missouri, USA) was dissolved in SSC 100mM, pH 4.5 (SABAX, 
Port Elizabeth, South Africa) to obtain a solution of 10mg/mL. The solution was administered to 
each rat within 5min of being dissolved because, in the SSC, STZ is not stable and degrade 
within 15-20min (Litwak et al., 1998). Three to four days later only animals with fasting BGL ≥ 
15mMol/L (Vella et al., 2017; Lotfipour & Smith, 2018), and maintained for 60 days (Lai & Lo, 
2013), were considered diabetic. 
Control animals to streptozotocin-induced diabetes mellitus 
The animals (n=10) of this subgroup (C-SSC) received an intraperitoneal injection of a 
corresponding volume of SSC solution and were considered as the age-matched control group 
for the RAC / STZ group. 
3.2.2.2 Type II diabetes mellitus: High Fat Diet-Streptozotocin-induced diabetes mellitus 
After OGTT, each animal in the HFD / STZ subgroup received an intraperitoneal injection of a 
single dose of 35mg/kg BW of STZ solution (Mahmoud et al., 2012). These animals did not 




animals with fasting blood glucose levels ≥ 15mMol/L, and maintained for a period of 60 days 
were considered to be diabetic. 
Control animals to the High Fat Diet-Streptozotocin-induced diabetes mellitus 
The animals (n=10) of this subgroup (C-HFD / SSC) were administered an intraperitoneal 
injection of a corresponding volume of SSC solution. These animals were considered as the 
age-matched control group to the HFD / STZ group. 
The developed diabetic animal groups were intended to remain diabetic throughout the 
remaining duration of the study and hence the level of blood glucose in the body was the 
determining factor of all other assessment. We also calculated and recorded the success rate of 
the diabetogenic effects of STZ during the 60 diabetic days on the treated animals. 
3.3 BLOOD AND TISSUE SAMPLES COLLECTION, PROCESSING AND STORAGE 
Vascular changes under the insult of hyperglycaemia were assessed using whole blood and 
pancreatic tissue samples from all subgroups. The samples were collected at the end of the 
experimental period (day 88), processed and stored (details are discussed later in this chapter) 
The blood samples were intended for the isolation of the CEPCs, using flow-cytometry and 
detection of cytokines associated with vascular injury using the Luminex assay. Tissue samples 
were used for routine histological and immunohistochemistry investigations, as well as for 
corrosion cast techniques. 
3.3.1 Blood sample collection 
A day before the day of tissue collection, animals from all groups were anaesthetised for blood 
collection. Serum and peripheral blood mononuclear cells (PBMC) were isolated, collected and 
stored for further analysis. The details of blood collection are described below. 
On the day of blood sample collection (diabetic day 60), each animal was removed from the 
experimental cage, the BW recorded and the animal placed in a transparent container containing 
3% isofluorane vaporised in oxygen for anaesthesia. Complete anaesthesia was confirmed by 
pedal reflex, and the animal was subsequently positioned on its back to expose the jugular vein 
running midway between the shoulder and the superior edge of the sternum. A 5mL syringe 
equipped with a 25cc gauge needle was inserted obliquely and slowly into the blood vessel. A 
4ml blood sample was withdrawn from each animal. Light pressure was applied to the site of the 
puncture wound immediately with a cotton-tipped applicator as the syringe was withdrawn to 
prevent haemorrhaging before the animals were returned to their cages. Thereafter, the animals 




obtained was immediately transferred into two separate labelled tubes: 1) 2mL in a serum 
separator tube (SST) stored at room temperature for 15-30min (Tanner et al., 2008) and used 
for the analysis of serum biomarkers (Appendix 7) associated with vascular injuries, and 2) 2mL 
in a heparinised tube, kept at room temperature for 24 hours or more (Betsou et al., 2019). This 
portion was used for the PBMCs isolation (Appendix 8) from which the CEPCs were to be 
detected and isolated using the flow-cytometric technique. 
3.3.1.1 Serum separation and storage 
Blood (2mL) in the serum separator tube (SST) was allowed to clot undisturbed at room 
temperature for 15-30min. The tubes were then centrifuged at 1,000–2,000xg for 10 min in a 
refrigerated centrifuge to separate the liquid fraction of the whole blood from the clotted fraction 
(blood cells). The resulting supernatant (serum) was pipetted and transferred to a polypropylene 
tube, apportioned into 0.5mL aliquots (serum), stored in cryovial, and transported at –80°C for 4 
months without freezing-thawing until analysis. The remaining portion of the blood was 
discarded. 
3.3.1.2 Peripheral blood mononuclear cell isolation and storage 
Peripheral blood mononuclear cells include all cells in the peripheral blood circulation with a 
single distinct nucleus. Circulating endothelial cells (CECs), CEPCs, lymphocytes and 
monocytes belong to this group. Platelets and erythrocytes have no nucleus, while granulocytes 
have multilobed nuclei. Hyperglycaemia is known to cause the reduction and dysfunction of 
CEPC leading to impaired vascular repair in diabetic patients (Yu et al., 2016). Therefore in this 
study, the determination of the percentage of CEPCs in the blood was to confirm whether or not 
hyperglycaemia caused any disturbance of the vascular integrity in the diabetic animal models. 
PBMCs were isolated from the whole blood and the percentage of CEPCs determined in all the 
animal groups. The isolation of PBMC was done according to the manufacturer's protocol found 
in the booklet (Abcam). 
Diluent, phosphate-buffered saline (PBS), wash buffer foetal bovine serum (FBS) and the 
freezing solutions used in this procedure were prepared and stored in the refrigerator (4°C), 
before the PBMC isolation. On the day of PBMC isolation, all solutions were removed from the 
refrigerator and warmed to room temperature (25°C). Thereafter, 1mL of heparinised whole 
blood from individual animals was gently diluted with 1mL of PBS plus 2% FBS in a different 
tube. Because each cell type had a specific density, a density gradient centrifugation process 
was used to separate the different cell populations. Thus 1mL of density medium (Ficoll-paque 




centrifuge tube. The diluted blood from each tube was layered over the density medium, with 
care taken not to mix the two fluids (Figure 3.3A). The tubes were then centrifuged at 400xg for 
30min at room temperature (25°C). 
After centrifugation, the upper plasma layer was aspirated and discarded, then the PBMC layer 
was collected (Figure 3.3B). The PBMCs were transferred into another 15mL centrifuge tube 
and resuspended in 10mL Dulbecco’s Modified Eagle Medium supplemented with glucose, 
optimised for EC culture (DMEM X1 + GlutaMAX-1; Gilbco, Thermo Fisher Scientific, USA). The 
cells were then centrifuged at 200xg for 20 min at room temperature. The supernatant was 
aspirated and the cells again suspended to ensure that the density medium was completely 
removed from the sample.  
After the supernatant was aspirated, 1.5mL of the freezing medium (10% Dimethyl sulfoxide 
(DMSO), 40% DMEM, 50% FBS) was added dropwise to the cells before being transferred into 
a 1.5mL cryovial (Bio-Lab). The cryovials were then placed in a controlled-rate freezer (-1°C per 
min) at -80°C for 24 hours and thereafter stored in liquid nitrogen until flow-cytometry analysis. 
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Figure 0.3: Peripheral blood mononuclear cells isolation: 
A) Diluted blood gently superimposed on the density medium (Ficoll-paque plus) already at the 
bottom of the tube. B). Isolated PBMC is found between the plasma layer containing platelets 





3.3.2 Surgery and tissue sample collection, treatment and storage 
A day after blood sample collection, surgery was performed to harvest the pancreatic tissues for 
histological (histomorphology and immunohistochemistry) and vascular corrosion cast studies. 
Of the ten rats of each subgroup, five were considered for histology. The remaining five rats 
were used to obtain the pancreatic vascular corrosion cast. 
3.3.2.1 Tissue harvesting for histomorphology and immunohistochemistry 
On the day of tissue collection, the rats were placed in a transparent container and anaesthetised 
using 3% isofluorane vaporised in oxygen; complete anaesthesia was confirmed by the lack of 
pedal reflex and the anterior abdominal wall was shaved with an electric shaver before a midline 
laparotomy incision was made to gain access into the abdominal cavity. After reflecting the liver 
against the diaphragm, the segment of the duodenum in relation to the pancreatic head was 
sectioned and removed, along with the entire pancreas and the spleen (Figure 3.4A). The 
pancreas was immediately dissected as described by Tchokonte-Nana, (2011), weighed, the 
duodenal (head) and splenic (tail) portions isolated and stored in separate labelled bottles 
containing 10% formalin fixative (Figure 3.4B). The pancreatic tissue was stored in the fixative 
for more than 48 hours for proper fixation. Fixation provides the mechanical toughness to the 
tissue and prevents cell autolysis and tissue putrefaction (Singh et al., 2019). Once fixed, the 
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A) Pancreatic tissue just harvested with C-portion of the duodenum and the spleen. (B) 
Preservation of the duodenal and splenic portions in separate glass containers filled with 10% 
formalin for at least 48 hours to ensure proper fixation before the routine histological procedure. 
 
Tissue sample preparation 
Smaller pieces of properly fixed tissue samples were placed into labelled plastic embedding 
cassettes. The cassettes were then placed in an automated tissue processing machine 
(Shandon Elliott, OptoLaboratory, Cape Town) for tissue processing. Thereafter the samples 
were dehydration, clearing and infiltration through a passage in a series of graded alcohol, 
xylene and hot liquid paraffin (60°C) respectively. Each processed tissue was removed from the 
cassette and placed (embedded) in an individual metal mould containing melted paraffin wax 
(60°C) using the embedding machine (Leica Biosystems, Wetzlar, Germany). A properly labelled 
cassette was placed on top of the mould like a cover while the paraffin was still hot. The mould 
was allowed to cool and set on an icy surface. The embedding gives mechanical support to the 
tissue during sectioning. After paraffin solidification, tissue blocks (n=50) were removed from the 
mould and kept at room temperature until sectioning.  
Tissue sectioning 
Before tissue sectioning, each tissue block was trimmed to create an even, flat optimal surface 
area containing the sample and a small paraffin frame (Menon & Fisher 2015). After trimming, 
three sections were cut from each block using a rotary microtome (Leica RM 2125 RM, Leica 
Microsystems, Wetzlar Germany). A wet brush was used to gently hold and place the sections 
in a water bath at a temperature of 40 to 50°C to remove any folds or shrink. The two first 
sections (5µm thick) were used for routine histological staining (H&E and methenamine silver) 
while the third one (4µm) was used for immunohistochemical staining. The sections were each 
mounted on an appropriate microscope slide (BIO-SCAN, ABCAM, UK) and labelled as follows 
(Figure 3.5): a group name representing a treatment regimen (eg. RAC/ STZ); each one of the 
five rats in each group was identified by the pre-fix 1 to 5. The three sections representing the 
staining procedures used were attributed the indices 1 to 3 while the different portions of the 
pancreas were given a suffix ‘a’ (duodenal or head) and ‘b’ (splenic or tail). Therefore, a slide 
labelled, for instance, 1RAC / STZa1 mean the first serial section (1) of a duodenal portion of 
the pancreas (a) of the rat number one (1) in the RAC / STZ group. A total number of 150 slides 
were labelled and kept in the oven for 60min at 60°C before storage to enhance adhesion of 




same slide box and underwent the same staining procedure. Boxes containing the slides were 
kept at room temperature for 2-3 weeks before the staining procedure. 
 
By: E. Ngounou 
Figure 0.5: Microscope slide layout and labelling of pancreatic tissue sections. 
 
3.3.2.2 Vascular pancreatic cast preparation 
On the day of the casting, the pancreatic vasculature was prepared and perfused with 
polyurethane-based casting resin (PU4ii) (VasQtec, Switzerland) in situ. The vascular corrosion 
cast preparation involved the pre-casting treatment, the injection of the casting medium proper 
(Figure 3.6), the corrosion treatment and the drying procedure (Nebuloni et al., 2014, Verli et al., 
2007). 
Pre-casting treatment 
Before the surgery, all perfusates (rising solutions and fixative) required for the pre-casting 
treatment were prepared and stored in glass bottles at room temperature overnight (Appendix 




to rinse the fixative after its use. A 2% glutaraldehyde was used to fix and increase the resistance 
of the vascular wall, a procedure that prevents the dilatation of the microvasculature during the 
perfusion of the casting medium. Note that the volume of this solution should just be enough 
(30mL for each rat for each solution) to clear the blood from the vessels. This is because too 
high volumes require longer perfusion time and produce tissue ischaemia and oedema 
(Aharinejad et al., 1993) 
The following morning, intraperitoneal injection of 0.5ml sodium heparin (1000U/mL) (ABCAM, 
UK) was administered to the animal 10min before surgery to prevent the coagulation of blood in 
the capillaries (Martin-Orti et al., 1999). Animals were anaesthetised in a transparent container 
using 3% isofluorane vaporised in oxygen. Once anaesthesia was confirmed by the lack of pedal 
reflex, the animal was placed on the back to expose the anterior thoracic wall. Left and right 
lateral thoracotomy and a mid-line laparotomy were made to gain access to the thoracic cavity 
(Figure 3.6B). The left lung was displaced to expose and ligate the thoracic aorta at the level of 
the sixth thoracic vertebrae (T6) in the posterior mediastinum. An incision was made in the aorta 
at the seventh thoracic vertebrae (T7) through which a cannula (Fine Bore Polythene Tubing, 
Smiths Medical, UK, 0.58/0.98 mm ID/OD) was inserted (Figure 3.6C). To maintain constant 
perfusion and prevent leakage of the solutions, the catheter was ligated to the cut edge of the 
thoracic aorta. The free end of the cannula was attached to a 50cc syringe barrel containing 
40mL of PBS heated at 37°C (Hossler & Douglas 2001, Satomi et al., 2003) (Figure 3.6D). The 
right atrium was sheared to provide an exit for the perfused fluid. After the perfusion of the 
phosphate buffer at a rate of 4mL per min, the discolouration of liver from dark red to light pink 
(because the blood in the liver tissue was replaced by PBS) indicated the effective perfusion, 
accompanied by the drained perfused fluid turning clear. After clearing blood from the vessels, 
the syringe containing PBS was removed from the cannula and was immediately replaced by 
one containing 40mL of 2% glutaraldehyde solution heated to 37°C (Christoffersonm & Nilsson 
1988) (Figure 3.6D). The glutaraldehyde was then perfused to fix the vessel wall. Muscular 
tremor all over the body but mainly in the limbs indicated the effectiveness of the fixation. To 
clear the excess fixative from the vessels, the second perfusion of PBS was performed. 
Pancreatic vessels were thus prepared ready to accommodate the casting medium. 
Perfusion of the casting medium 
As described above, the pre-casting treatment prepared the vessels to receive the casting 
medium. The casting medium was prepared immediately prior to the perfusion by diluting an 




#149670010) and a blue dye (VasQtec, Switzerland) (Figure 3.6A) according to the procedure 
previously described by Krucker and colleagues (2006) (Appendix 10). 
The hardener was added last to initiate the polymerisation (Figure 3.6E). The casting medium 
was then loaded in a 10cc syringe barrel. The syringe loaded with the casting medium was 
carefully attached to the free end of the cannula while preventing the entry of air. This was 
achieved by allowing the casting medium to flow while the syringe is attached to the cannula. 
The casting media was injected into the blood vessels by light pressure on the syringe barrel. 
The perfusion pressure of all the three fluids (PBS, 2% glutaraldehyde and the casting medium) 
was maintained to 110mm/Hg using a manual mercury manometer connected to a T-piece to 
the injection line. The injection procedure stopped once the excess resin began to extrude from 
the right atrium (Figure 3.6F). The perfusion time and the resin volume displaced in the syringe 
were recorded. After injection of the resin, the animal was kept in position for at least 30 min 
then placed in a hot water bath (60°C) for 12–24 hours to accelerate and complete 
polymerisation of the perfused casting medium. The immersion in the hot water bath helped 
reduce the corrosion time and kept the injected specimens in their natural form 
























Figure 0.6: Steps of the perfusion of the pancreatic tissue 
A) Resin + butanone (diluent) + pigment (blue). B) Lateral incision through the thoracic cage and 
a midline incision of the abdominal cavity to expose the thoracic aorta and the liver respectively. 
C) Attachment of the needle to the cut edge of the thoracic aorta. D) PBS perfusion for clearing 
of blood from the vessels followed by the fixative to fix the vessel wall. E) Hardener added to the 




Tissue cast removal 
After complete polymerisation, the resin in the small vessels of abdominal organs could be 
visualised with the naked eye (Figure 3.7). The liver, stomach, pancreas, intestine and spleen 
were gently removed from the abdominal cavity after sectioning the vessels attaching these 
organs to the posterior abdominal wall. The pancreas, as well as the associated duodenum 
portion and spleen, were detached from the remaining abdominal viscera and placed in a petri 
dish. Thereafter, the duodenal and splenic portions of the pancreatic gland were identified (Figure 
3.7). To avoid tissue distortion during the corrosion procedure, the casted tissues were placed in 
a perforated embedding cassette and closed before being placed in the corrosive solution. 
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Figure 0.7: Pancreatic tissue and related duodenal part and spleen.  
Below a section of the duodenum well-perfused showing small vessels filled harden resin under 






The tissue cast enclosed in the embedding cassettes underwent maceration to remove the soft 
pancreatic tissue surrounding the microvascular cast, using a concentrated solution of 20% 
potassium hydroxide (KOH), at 60°C overnight or longer (Satomi et al., 2003). After complete 
maceration of the pancreatic tissues, the resulting structure was the vascular (macro and micro) 
cast of the C-portion of the duodenum, the pancreas and the spleen. The cast was washed 
thoroughly and carefully under the running water first, then in 5% formic acid and then again into 
distilled water (Hossler & Monson 1998) (Figure 3.8). 
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Figure 0.8: Pancreatic vascular resin cast (encircled). 
The cast is showing the vasculature laying between the splenic (lower left) and the proximal 
portion of the duodenal vascular casts (upper right) respectively. 
 
Drying of cast 
The microvascular cast was exposed to ascending grades of ethanol (20, 45, 60, 75 and 100%) 
to promote low surface tension of the drying water. This prevented the cast from shrinking during 
drying. After drying, the casts were stored in a dry container at room temperature for visualisation 




Nanotom S scanner). After the nano-CT scanning, the C-shape duodenal edge to the splenic tail 
of the pancreatic vascular casts along the axis of the splenic artery was measured. The length of 
the cast could give an idea on the width of the pancreatic tissue and the associated vessels. 
Remember that the pancreatic cast is the replica of the luminal volume of the pancreatic vessel. 
3.4 ASSESSMENT OF HYPERGLYCAEMIA ON THE VARIOUS IMMUNODECTECTION 
PARAMETERS ASSOCIATED WITH THE INTEGRITY OF THE VASCULAR STRUCTURE 
Three different immunological detection techniques were used to assess the effect of 
hyperglycaemia on the integrity of the vascular structure namely: 
1) Luminex assay for the assessment of four major serum cytokines associated with vascular 
injury. This technique is a bead-based immunoassay system which detects multiple analytes 
during a single experiment, 
2) flow-cytometry for the isolation and the evaluation of the percentage of CEPC in the PBMCs. 
this technique simultaneously analyses multiple parameters of a cell in a heterogeneous group of 
cells. A single cell is analysed as it passes through a narrow channel and is illuminated by a laser 
one by one (Figure 3.9) and 3) the immunohistochemistry using CD34 as a marker for endothelial 
cells on tissue sections.  
3.4.1 Serum treatment and analysis for Magnetic Luminex assay 
The levels of serum biomarkers for vascular injury were evaluated using Luminex screening assay 
techniques. 
Magnetic Luminex assay multiplex (R&D systems, Bio-techne) with attached Luminex MAGPIX 
CCD imager was used to measure the level of the vascular injury biomarkers in diabetic animal 
models. Reagents for assays were developed by R&D System, Inc Minneapolis, MN 55413, 
USA). Four biomarkers presented in a single vascular injury panel (cat. No. LXSARM-04, Kit No 
L122445, Microparticle Mixlot No 1482413 and Biotin Antibody Mix No 1482414) were analysed. 
The panel included the following biomarkers tested at a dilution of 1:3: Interleukin-6 (IL-6), tissue 
inhibitor of metalloproteinase (TIMP-1), tumour necrosis factor-alpha (TNFα), and VEGF-A. For 
optimal sensibility, samples were well prepared prior to the assay. Diluents supplied by the 
manufacturer were used to dilute the unfiltered serum. Washing buffer solutions were all prepared 
and brought to room temperature before the commencement of the assay procedure. 
3.4.1.1 Sample dilution and preparation 
Samples thawed overnight at 4°C were brought to room temperature immediately before assay 




RD6-52). The assay was strictly performed based on the manufacturer’s instruction to Magnetic 
Luminex cytokine bead-based assays protocol (Figure 3.9) (Luminex High-Performance Assays 
from R&D systems). In short, diluted serum, a microparticle cocktail (diluted with diluent RD1W), 
and biomarker standards were added to a 96-well plate, while protecting the beads as much as 
possible from the light to prevent photobleaching. After two hours of incubation, the plates were 
washed and the biotin antibody cocktail (a mixture of the four antibodies) was added. Following 
an hour of incubation, plates were washed and streptavidin-Phycoerythrin (PE) was added for 
30min, followed by a final wash and re-suspension in wash buffer. All incubations were carried 
out in the dark at room temperature on a microplate shaker at 800 rpm. 
 
Adapted from Antigenix America.com (2019) 
Figure 0.9: Principle of Luminex Assay. 
 
3.4.1.2 Reading of the plate and data analysis 
Thirty minutes before the assay procedure, the Bio-plex suspension array system was turned on 
to heat up, and the reader prepared to read. The vacuum apparatus was calibrated to ensure an 
optimal bead yield. Well-plates were placed on the Bio-plex® platform (Bio-Rad Laboratories, 
Hercules, CA, USA) and the vacuum turned with a pressure set to 1-2mm/Hg. Raw data were 
analysed using the Bio-Plex Manager version 6.0 software. 
3.4.2 Isolation of CEPCs from the peripheral blood mononuclear cells using flow 
cytometry. 
3.4.2.1 Cell preparation and labelling 
Before the flow-cytometry analysis, the preparation of the cells was performed. Four antibodies 




PBMC population (Liao et al., 2010). Antibodies, diluent and wash buffer solutions were all 
prepared and ready to use before the start of the flow-cytometry procedure (Figure 3.10). The 
procedure is described below. 
A night before the day of analysis, samples were removed from the liquid nitrogen, thawed 
overnight at 4°C (Appendix 11). The next morning, while the samples were nearly completely 
defrosted, but were still cold, they were transferred from the cryovial to a 15mL centrifuge tube, 
and 1mL of warm wash buffer (at 37°C) was added to it dropwise. The samples were then 
centrifuged at 200xg at room temperature for 5min and after removal of the supernatant, the cells 
were re-suspended in 100μL Zombie Violet solution and incubated for 10-15min in the dark at 
room temperature. Zombie Violet is an irreversible cell viability fluorescent dye that is non-
permeate to live cells but to those with compromised cell membranes (Paardekooper et al., 2019), 
and therefore it has been used in flow-cytometry to assess live versus the dead status of 
mammalian cells. The cells were then stained with pre-optimised volumes of CD133-
allophycocyanin (APC), CD31-fluorescein isothiocyanate (FITC), CD34-phycoerythrin (PE) and 
CD45-Alexa-Fluor 700 (AF700) antibodies) and incubated for 15min in the dark at room 
temperature. A 1mL wash buffer was added to the samples, which were then centrifuged at 200xg 
for 5min at room temperature. The supernatant was aspirated, and the cells re-suspended in 
500µL PBS. The samples were analysed within 30min on a calibrated 10 colours (3 lasers) 
Beckman Coulter Navios flow-cytometer, Navios software version 1.3 (Beckman Coulter Inc., 




Table 3.1: List of antibodies used for CEPC detection using flow-cytometry. 





IgG1 Abcam 0.5µl 
Anti-CD34 Phycoerythrin Monoclonal 
(conjugated) 
IgG1 Abcam 1µl 
Anti-CD45 Alexa-Fluor 700 Monoclonal 
(conjugated) 
IgG1 Biolegen 2µl 
Anti-CD133 Allophycocyanin Polyclonal 
(unconjugated) 
IgG1 Abnova 200µl 
 
 
Adapted from https://www.semrock.com/flow-cytometry.aspx  (2018) 
Figure 0.10: The Basic configuration of a flow-cytometer 
The fluid transportation system (FTS), the optical system (OS), the electronic system (ES), and 
the activated cells (ACS) sorter. 
 
3.4.2.2 Flow-cytometry analysis and data acquisition 
In this study, the percentage of viable CEPCs was gradually gated out from the PBMCs (Figure 




by the non-viable cells using Zombie Violet (Figure3.11B) then the lymphocytes and granulocytes 
using positive to CD45 (Figure 3.11C) and finally cells positive to CD133 (Figure 3.11D), CD34 
and CD31 were isolated (Figure 3.11E). Details of each step are described in the following 
sections. 
The flow cytometer was set to acquire either 100 000 total events per sample, or run for 10 min, 
whichever condition was reached first (Appendix 12). Cells were initially visualised on a density 
plot of forward scatter (FS) peak vs FS integral, and a gate was drawn around the single-cell 
population (“Singlet” gate). Following this, single cells were then visualised on a plot of an FS vs 
Zombie Violet, with a gate drawn around the living cells. On a plot of CD45-AF700 vs FS, a gate 
was drawn around CD45 positive (+) and CD45 negative (-) cells. On a plot of CD133-APC vs 
CD45-AF700, the cells were further gated on CD45+CD133+ and CD45-CD133+ populations. 
Cells were then visualised on a plot of CD31-FITC vs. CD34-PE, where a gate was drawn around 
the CD45-CD133+CD31+CD34+ cells, therefore gating for CEPC as previously described by Liao 





Adapted from Tchokonte-Nana et al., 2017 
Figure 0.11: Gating strategies for flow-cytometry. 
A) Single cells were separated from doublets on a plot of FS peak vs FS integral. B) Live cells 
were gated on a plot of FS vs zombie violet. C) Small CD45+ and CD45- cells were gated on a 
plot of FS vs CD45-AF700 dot-plot. D) CD45+CD133+ and CD45-CD133+ cells were gated on a 
plot of CD133-APC vs. CD45-AF700. E) A CEPCs were defined as CD45-CD133+CD31+CD34+ 




3.4.3 CD34 Immunodetection of the islet endothelial cells, viewing and analysis 
Immunohistochemistry (IHC) is a histological technique that was used for the detection of specific 
protein markers (antigen) inside or on the surface of a cell. Unlike the H&E and methenamine 
silver stains which were used to show the general morphology of the pancreatic tissue in this 
study (discussed later in 3.5), the IHC technique was used to better delineate the location of the 
expression of CD34 antigen on the EC membrane (Lin et al., 1995). To achieve this objective, the 
monoclonal CD34 antibody ([EP373y] (ab81289) ABCAM, UK) was therefore used as the primary 
antibody. 
Slides with indices 3 (positively charged slides) were taken for immunostaining using a BondMax 
autostainer for a Bond Polymer Refine detection kit (Code: DS9800) (Leica Biosystems, Wetzlar, 
Germany). The detection kit contained a peroxide block, post-primary, polymer reagent, DAB 
chromogen and haematoxylin counterstain. Before the staining process, the protocol was 
optimised (Appendix 13) and validated using human tonsil sections as positive and negative 
control. As a result, heat-induced epitope retrieval (HIER) was not applied to the sections and the 
CD34 antibody was diluted at 1/500 in PBS with 1% bovine serum albumin (BSA). Tissue slide 
sections underwent the following IHC major steps: 1) The endogenous peroxidase blocking step 
to reduce the detection of the background proteins, 2) the application of the diluted primary 
antibody followed, 3) application of the secondary antibody thereafter 4) the polymer built for the 
secondary antibody was then applied to the slides and washed 5) The CD34 positive cells were 
finally visualized with the chromogen: DAB (brown) (Appendix 14). After staining, the slides were 
manually taken for dehydration, clearing, and mounted with a coverslip by a DPX mounting 
medium and classified according to animal groups (NC, C-SSC, C-HFD / SSC, RAC / STZ and 
HFD / STZ groups). Digital image viewing and capturing was acquired as described in section 
3.4.3.1 of this chapter. 
3.4.3.1 Microscopic viewing of the slides, digital image capturing, qualitative data 
acquisition 
Stained slides were classified according to the animal group (NC, C-SSC, C-HFD / SSC, RAC / 
STZ and HFD / STZ groups). They were viewed and captured with an Axioskop microscope 
(Zeiss, Axioskop 2, Leitz Wetzlar, Germany) equipped with a coloured digital camera (Zeiss HRC 






Viewing and image capturing 
A total of 50 slides were viewed. Digital images focused mainly on islets were captured at 10x, 
20x and 40x magnification and stored in Tagged Image File Format (TIFF) for endothelial cell 
morphological and quantitative evaluation. 
3.4.3.2  Quantitative assessment 
Assessment of the endothelial density  
Captured images (tiff file type) focused on the islets (in pixels) were transported in Fiji version of 
ImageJ software 1.53b and the colourisation plug-in was used to obtain the CD34 % pixel area 
representing the islet ECs density as described below. 
Each digital image presented with ECs stained dark brown (DAB) and the remaining pancreatic 
tissue light purple (because the nucleus of cells stained with Harris Haematoxylin and cytoplasm 
remaining unstained) was loaded into the ImageJ software. The aim was to calculate the dark 
brown (DAB) pixel area in a selected ROI. Because the results were to be reported in percentage, 
there was no need calibrating the dimension of the images which were loaded in pixel unit to 
another unit (µm or inch). To measure what was brown and what was not brown, the threshold 
method was used. On the bar menu of the open ImageJ window, the option image was selected 
and on the drop-down options adjust was chosen, followed by the colour threshold option. Another 
widow opened with a series of sliders and small histograms in a window. At the bottom of the 
window, under the sliders, the default threshold red colour was selected in the colour space HSB 
(Hue, Saturation, Brightness) with Hue the colour type such as red. The slider was then adjusted 
to select the brown colour of the image. This allowed any colour or any series of colour to be 
selected by their hue saturation and brightness or combination of the three. 
The scoring system was based on both the intensity and distribution of deposited CD34 stain per 
unit area of the islet tissue section as described by Canzano and colleagues in 2019. 
Assessment of the islet cells density 
In order to evaluate the proximity between each endocrine cell and the blood vessel (stained with 
CD34), cell density (CD) per unit area of the islet was assessed. Captured images from slides 
stained for CD34 and focused on the islets were transported in the ImageJ software and the 
automatic particle counting plug-in was used to count the number of nuclei per unit area of the 
islet (Appendix 14). Any of the three stained digital images could be used for this evaluation 




sections were counter-stained with haematoxylin. Five islets per tissue section were considered 
for this evaluation and the mean recorded. 
3.5 ROUTINE HISTOLOGICAL STAINING OF THE PANCREATIC TISSUE, VIEWING AND 
IMAGE CAPTURING 
Haematoxylin and eosin stain (Fischer et al., 2008), methenamine silver (Bancroft & Gamble 
2008, Churukian 1996) impregnation and CD34 (Kuzu et al., 1992) were used to delineate 
different levels of the pancreatic tissue morphology, the general structural architecture, the BM 
and the endothelial cells respectively. After tissue staining, the slide was viewed under the light 
microscope and morphological and morphometric data collected. The detailed procedures are 
reported in the following sections. 
3.5.1 Routine histological staining for the general histomorphology of the pancreatic 
tissue 
The tissue slides carrying the indices “1” were stained with H&E using a pre-programmed 
autostainer (Leica Autostainer XL, Wetzlar, UK) (Appendix 15). These stained sections were used 
for: 1) validation of the general morphology of the pancreatic tissue, and 2) collection of 
morphometric data of the large pancreatic vessels (diameter, thickness, numerical density area 
fraction). 
3.5.2 Staining of the pancreatic tissue basement membrane  
In human and mouse pancreatic islets, β-cell function and survival are dependent on the presence 
and integrity of the BM around the blood vessel (Nikolova et al., 2006, 2007). Methenamine silver 
has a high affinity for collagen fibre IV, the main component of most BMs (Nikolova, Strilic & 
Lammert, 2007; Groulx et al., 2011; Cross et al., 2017) and was therefore used to delineate the 
pancreatic BM. 
The tissue slides carrying the indices “2” were manually impregnated with methenamine silver 
(Bancroft & Gamble 2008) (Appendix 16). The stained slides were used to assess the intra and 
peri-islet BMs. The kidney basement membrane from an NC animal was used as the positive 
control for the Methenamine silver stain. 
A total of 50 slides per stain were viewed and digital images captured at 10x, 20x and 40x 
magnification as described in 3.4.4 (immunohistochemistry) and stored in Tagged Image File 
Format (TIFF) for quantitative analysis. 
When viewing each H&E stained section, the pancreatic tissue general histomorphology was 




(wall thickness, diameters, numerical density and area fraction) of the large vessels were 
measured and the results recorded. The captured images from the methenamine silver-stained 
slides were carried to image J software and the stain density per unit area of the islet assessed. 
3.5.2.1. Morphometric assessment of the large vessels of the pancreas 
Key parameters that determine the vascular haemodynamic were collected from the large 
pancreatic vessels: outer diameter (OD), inner diameter (ID], wall thickness (WT), numerical 
density (ND) and area fraction (Afr). For each parameter, ten different microscopic fields from 
each slide section were taken into account and the mean value recorded. The OD gave the 
estimate of the total vessel size, while the ID served to assess the status of the pancreatic vessels’ 
haemodynamics in all groups. When a vessel diameter was deformed by the surrounding tissue, 
the circularity of the vessel was factored for (Figure 3.12). To evaluate the changes in the 
abundance of the smooth muscle and the supporting connective tissue forming the wall as a 
consequence of any form of vascular remodelling, the wall thickness was calculated: 1) as the 
difference between the OD and the ID divided by two (OD-ID/2) and 2) by drawing a line from the 
luminal edge of the vessel through the wall to the adventitia and measured. The reason for 
obtaining the two values was just to improve the accuracy of the results and validate the fact that 
the wall is maintained uniform in thickness at different points.  
The ND was defined as the total number of the cross-sectional edges of blood vessels captured 
on the pancreatic tissue section per unit area. The area fraction (AFr) of the vessels was defined 
as the percentage area covered by blood vessels per unit area of the pancreatic tissue section 
and was therefore calculated as the sum of all the small areas covered by each vessel in a defined 
ROI. Two values were taken into account in this assessment: the first AFr was measured from 
the OD (adventitia) for the total area covered by the blood vessel per unit area, and the second 
from the ID (this gives an account of the blood volume per unit of the tissue at any given time) as 
described by (Ziemińska et al., 2013). In other words, the total tissue fraction was obtained, 






By: E. Ngounou 
Figure 0.12: Schematic representation of the methodology used in the evaluation of the total 
diameter of the compressed (deformed) vessels using ImageJ software. 
A) A sample from medium vessel viewed on duodenal tissue section from a rat in the C-HFD/SSC 
group (x400). B) Blood vessel area selected and surrounding pancreatic tissue cleared off, and 
then the circularity measured. 
 
3.5.2.2 Quantitative assessment of the Islet basement membrane  
The islet BM thickness was simply assessed by threshold of the methenamine silver % pixel area 
for BM density per unit area on the pancreatic tissue section focused on the islet using ImageJ 
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A) A merged image shown from the normal control rat (not treated): the sections were 
impregnated by the methenamine silver (basement membrane stained dark brown) and 
counterstained with haematoxylin (cell nucleus stained purple). A') Area of interest selected using 
the freehand tool and the remaining area clear. The selected area measured (results displayed in 
the table (A''), 178.122 pixels. B)  Methenamine stained pixel area thresholded and coloured by 
the default threshold colour (red) using the threshold adjustment tool. C) Threshold area 
delineated (yellow line) and measured. 
 
In this study, at all times, the unit area was 4 mm2, the sum of 10 small microscopic areas confined 
within a grid region of interest (ROI) of 0.4 mm2 each for the islet morphometric analysis. The 
major components of the islet were assumed to be mainly blood vessels and endocrine cells. 
Therefore, nerves and other structural elements were considered negligible fractions and should 
not significantly influence the results. In addition, the digital image was blind-evaluated by another 
PhD research fellow from the Division Physiology 
In summary, the morphometry of the islet microvasculature was assessed first for the BM, 
secondarily for ECS (the density of the islet ECs). Besides, the endocrine cell density (cell count 
per unit area) was evaluated. To evaluate the number of blood vessels per islet cell, the ratio 
between CD34 % pixel stained area per unit area and endocrine cell number was assessed. Islets 
lack lymphatic vessels (Korsgren & Korsgren, 2016; O’Morchoe, 1997) and therefore were not 
part of this analysis. Data from the vascular corrosion cast were evaluated alongside these 
parameters. 
3.6 MICROVASCULAR CAST COMPUTER TOMOGRAPHY PROCEDURE  
3.6.1 Pancreatic vascular cast viewing and data acquisition 
Nano-computed tomography (nano-CT) scans were performed at the Stellenbosch CT Facility 
using a General Electric V|TomeX L240 system which consisted of a penetrating X-ray source, a 
sample manipulator, and an X-ray detector as described by Du Plessis et al. (2017). The main 
difference between a micro-CT and a nano-CT is the resolution. While in micro-CT images are 
captured in µm or mm, in nano-CT it is in micron using a nano focus. Three major steps help in 
performing this procedure: 
1) Preparation and mounting of the sample 
Each vascular cast sample (the pancreas, together with those of the duodenum and spleen) was 
affixed to an acrylic podium using an epoxy adhesive (Araldite, Huntsman Advanced Materials) 




cast was recorded and precautions were taken to ensure that minimal movement of the sample 
occurred during scanning. 
2) Setup of the scanner and parameters 
Determining the resolution at which each sample was going to be scanned was very important. 
Our samples size ranged between 1.8 mm to 2.4 mm for an optimal resolution of approximately 
2 to 3.5 nanometers. To reduce the photochromatic of the beam which could cause streaky 
artefacts, filters (a copper and a tin) were placed between the beam and the sample. Optimized 
parameters were selected according to the guidelines set out in the manual book. X-ray settings 
included 220kV and 200µA and copper beam filtration of 1.5mm was used (to reduce the 
photochromatic of the beam which could cause streaky artefacts), with a voxel size set to 80 µm. 
X-rays were produced by small X-ray tube which was directed on a specific target. 
3) Scanning procedure proper 
The procedure was done automatically with frequent supervision to amend errors that could 
occur, such as X-ray instability or filament burn. From the tube, the X-rays were directed through 
and around the sample and then collected on a 2D X-ray detector in the form of a projection image 
composed of thousands of pixels. Image acquisition time was 500 ms per image and images were 
recorded in 2000 rotation steps during a full 360-degree rotation of the sample.  
4) Image reconstitution 
Reconstruction was performed on a cluster of PCs using the Datos software that is provided with 
the system. Data generated were a set of stack images (DICOM) formed by approximately 1000 
slides. Each slide was 1000x1000 pixels and the resulting scanned volume contained 109 voxels 
(volume elements). 
Thousands of 2D scanning images from a sample thus obtained were used to reconstruct the 3D 
data set using a filtered back-projection algorithm. Reconstruction was performed in system-
supplied Dato's reconstruction software. Visualization and analysis were performed using the 
following software: Volume Graphics VGStudioMax 3.0® nano-CT scan for volume rendering and 
ImageJ for surface rendering. 
The reconstituted images obtained were used to assess morphometry and quantitative data 
concerning the ability of the vessel to supply adequate nutrients and oxygen to the pancreatic 





3.6.2 Morphometry and quantitative analysis 
The complete analysis of the pancreatic image was carried out in the Volume Graphics 
VGStudioMax 3.0® Nano-CT software and ImageJ, but the reading of all the data sets at the 
same time was prohibitive in terms of calculations. As previously described by Aughwane et al., 
2019, to make the analysis feasible on our local computer, the total volume of the circumcised 
pancreatic plaster was divided into 100 (10 x 10) three-dimensional cubes so that smaller chunks 
of data could be processed. Each cube and its position in the volume was labelled and then 
recombined. The following morphometric large data sets from the duodenal and splenic vascular 
cast were evaluated: the vascular density (number of vessels per mm2), vascular length density 
(µm), identification of nodes, count branching nodes (Figure 3.14B), segment length (mm) and 
associated diameter, branching angle (º) and the diameter distribution (mm) concerning the 
vessel length. Diameters were measured at the middle of each segment (Figure 3.14A) and 
throughout the vascular tree until the most distal segment was reached.  
 
By: E Ngounou 
Figure 0.14: Assessment of the diameter of segments of the vessel. 
A) Image crop from the splenic vascular cast of a normal control animal and data obtained 







A segment was considered to be the portion of the vascular tree between two nodes. The vascular 
segment of an already measured vessel has been traced to avoid further measurement. A node 
has been considered to connect three or more segments (Figure 3.15). The terms "mother 
segment" and "daughter segment" meant the segment immediately proximal and distal, 
respectively, to the node. In this study, only the node with two daughter vessels was measured. 
In addition, only the angle between two daughter vessels was taken into account, as it was thought 
to be related to the efficiency of blood flow, the energy cost of the bulk flow and the distance of 
diffusion. 
 
By: E Ngounou 
Figure 0.15: Illustration image showing the identification and assessment of node, parent and 
daughter's segments, branching angle of vessels. 
 
Three-dimensional topology and the pattern of the vascular network was analysed based on the 
successive arrangement of the types of vessels (arteries/ arterioles, capillaries, venules). The 
direction of blood flow was identified using the size of the parent vessels (arteries are smaller than 
veins).  
In this study, the intention was not only to attempt to reveal differences in the branching pattern 
of blood vessels between the two main pancreatic regions (duodenal and splenic) but, more 
importantly, how the dispersion in local pressure reflect anatomical differences of these regions. 




of the vascular tree between the duodenal and the splenic pancreas but more importantly how 
this showed the link between the vascular anatomy and the function. In the following section, a 
novel method for the reconstruction of the full pancreatic vascular tree from partial measurements 
is described. 
3.7 PANCREATIC VASCULAR TREE RECONSTITUTION 
Several form-function scale relationships such as volume-diameter, length-diameter, flow length 
and flow diameter have already been previously proposed and validated (Huo & Kassab, 2012)  
In this study the vascular tree was defined as a network of several "stem" (st) supplying or draining 
a "crown" (c) as described by (Razavi et al., 2018) (Figure 3.16): in a stem-crown system, the 
volume of the crown named Vc was defined as the sum of the luminal volume of vessel segments 
in the entire stem-crown system. The arterial tree of the crown was made up of segments proximal 
to the capillary while the venous tree segments were regarded as the distal to the capillary (cp). 
Similarly, the length of the crown named Lc was defined as the cumulative vascular lengths in the 
entire arterial or venous crown. Blood flow (Q) and the number of capillaries (N) corresponded to 
the stem and the respective network. Morphometric data based on the entire vascular system 
were used then derived and tested for the scaling laws or power laws. In this law, the relative 
structural and functional change of the vascular tree causes the proportional relative change of 
the other. The entire vascular tree, therefore, consisted of many stem-crown units down to the 
capillary vessels (Huo & Kassab, 2012). Here the three main arteries supplying the pancreas 
were considered. Each bifurcation generated a unique stem-crown unit which continues down to 
the smallest unit. Each smallest unit was an arteriole with two capillaries for an arterial tree or a 
venule and two capillaries for a venous tree. The pancreatic vascular tree was considered to be 
formed by the branches of the splenic (SPA), the superior and inferior pancreaticoduodenal 
(SPDA and IPDA) arteries. Functionally, each stem supplies or collects blood from the crown for 
an arterial or venous tree, respectively. The present analysis applies strictly to a tree structure 
(arterial or venous) down to the first capillary bifurcation, the one associated with the islets. As 
described by the strahler system the capillary was considered order 0. Then when two vessels of 
order 0 merged the resulting vessel carried the order 1. Vessels of order 1 merged to form vessels 
of order 2 and so on. Note that when a vessel of order 2 and that of order one merge the resulting 





Adapted from (Razavi et al. 2018) 
Figure 0.16: A schematic illustration of the definition of stem-crown units  
D, L, Q, and V stand for diameter, length, flow rate, and volume, respectively. In a stem-crown 
unit and subscripts “max” represent the most proximal stem-crown unit in a vascular tree. Three 
stem-crown unit levels are represented successively in 1, 2 and n. 
 
In this study, the entire arterial network was reconstructed from the main stem down to the first 
capillaries (<8 μm). Missing data from the cast (such as those of the islet microvasculature) were 
reconstructed based on histological data (<10 μm) using a computational algorithm as described 
by Mittal et al., (2005). Based on this assumption, blood vessel resistance was then considered 
as a function of the vessel's geometry and viscosity that takes into account the Fåhræus effect 
(stating that there is a decrease in the mean concentration of red blood cells as the diameter of 
the glass tube in which it is flowing decreases). Boundary conditions were prescribed with an inlet 
pressure of 120mm/Hg and uniform pressure of 25mm/Hg at the outlet of the first capillary 
segment (Razavi et al., 2018). Subsequently, a system of simultaneous linear algebraic equations 
for the nodal pressures was obtained. Once the vessel resistances are evaluated from the 
geometry, and suitable boundary conditions prescribed, the flow rate was simulated to estimate 




Note that at each given time one volume of blood flowing in the exocrine tissue corresponded to 
ten volumes in the islet and this must be considered in all equations. 
3.7.1 Flow perfusion scales with capillary numbers 
The hypothesis in this study was that there should be a direct relationship between the blood 
flowing through the main branch (i.e., stem flow) of a pancreatic vascular tree (like SPNA) and 
the number of capillaries in the crown formed by the vessel's branches. The formula described by 
Razavi et al. (2018) was based on the law of mass conservation stipulating that the flow at the 
inlet of the tree or crown (Qst stem flow) is equal to the sum of the flows at the first capillary 
segments, Qcp as expressed in the equation (1):  
 
Qst=∑ 𝑄 ,  (1) 
In this equation N was the number of capillaries perfused by a given stem. When considering the 
average capillary flow rate the formula became: 
 
Qst=kNc (2) 
with k being the average capillary flow which is approximately constant across the various stem-
crown systems. Therefore, the inlet flow was proportional to the total number of capillary vessels. 
When normalising the flow and capillarity with respect to an entire pancreatic vascular tree, the 
following was obtained: 
 
, ,
   (3) 
where Qst,max and Nc,max stood for the inlet flow and the total number of capillaries in a vascular 
system, respectively. 
 
3.7.2 Crown volume scales with capillary number 
Crown volume was calculated as the sum of volume within the network (Vc=∑ni (πLi /𝐷 ), derived 
based on the average branching ratio (ni = Bri, i = 0, m; where n was the number of vessels and i 
the branching level) and the relationship between crown volume and number of capillaries 
obtained by scaling of vessel diameters and lengths in each branching level results was calculated 






where KVN was considered constant. The above equation was normalised with respect to 
maximum crown volume and number of capillaries in the entire vascular network, and hence the 




3.7.3 Crown length scales with capillary number 
The crown length was considered simply as the cumulative length of blood vessels of all branching 
levels within the network (Lc=∑niLi) when considering the mean branching ratio (ni = Bri, i = 0,., m; 
with n being the number of vessels and i the branching level) and scaling of mean length of blood 
vessels in each level of branching Li=(Brγ)m−iLcap; with Lcap being the mean length of capillaries 
and x an empirical exponent (Huo & Kassab, 2012), resulting in a direct relationship between 
crown length and number of capillaries (detailed explanation in the supplementary Information, 
Razavi et al. 2018) expressed in the following equation: 
 
Lc=KLNNc   (6) 
where KLN−Lcap ∑ 𝐵𝑟   
was considered approximately constant. A general form of normalized crown length and number 
of capillaries with respect to an entire tree was given as: 
 
, ,
𝑋  (7) 
where Lc,max and Nc,max were the maximum crown length and the number of capillaries in the 
entire pancreatic tree.  
 
3.7.4 Mean transit time scales with crown volume and length 
The structure of the vascular networks is heterogeneous and so is the perfusions of the particles 
through the different paths of the network. The mean transit time (MTT) was therefore calculated 
as the average time required for blood to circulate through the vascular network over a period of 




and that the total number of blood particles passing through a vessel segment is proportional to 
the time-average flow in the segment, the MTT in the network (Tc) could be expressed as follows: 
 
Tc=∑ 𝐹𝐹 ∗Tgs,i (8) 
FF being the flow fraction (equal to the ratio of segment flow to stem flow) and *Tsg the mean 
transit time in a specific segment with i = 1,2, n; and ‘n’ being the total number of segments in the 
entire pancreatic network. The transit time is well known to be determined by the ratio of blood 
volume and blood flow (Meier and Zierler, 1954) as follows (FFi = Qi/Qmax) resulting to the equation 
(8). Therefore an elementary derivation by replacing the definition of, transit time in a segment (Ti 
= Vi/Qi) and Equation (8) results in: 
 
Tc∗Nc=KTNVC  (9) 
with KTN being proportionality constant in unit of time/volume. A combination of Equations (6) and 
(9) relates mean transit time to crown volume and length, namely: 
 
Tc ∗ Lc=KTLVc  (10) 
where the parameter KTL is a proportionality constant in unit of time/area. A general normalized 






where Tc,max, Lc,max, and Vc,max are the crown time, crown length and crown volume in the entire 
tree, respectively. 
 
3.8 STATISTICAL ANALYSIS  
All data in the study were transported and statistically analysed by Prism Graph Pad Prism 
software (version 5.0a.128 Inc., California, USA). The results are presented as Mean ± Standard 
Error of the Mean (SEM) with the number of rats each experiment presented in the figure legends. 
The following tests were used to perform the statistical analysis at the different stages of the 
study. 
1) A Student t-test was used to evaluate the significance between the RAC and the HFD groups 




2). A one-way analysis of variance (ANOVA) followed by Newman-Keuls was used to determine 
the significant difference between groups with respect to body weight gain or loss, and blood 
glucose for each time point.  
3) Data obtained from Flow-cytometry, magnetic Luminex assay, the percentage pixel area 
impregnated by methenamine silver and CD34 positive cell and from the large vessels 
morphometry were analysed using one-way Kruskal-Wallis test to compare the score between 
two independent groups, followed by a Dunn post-test. The box and whisker graphics generated 
by the GraphPad Prism represent the median of the mean value as a vertical line passing through 
the box. The median (average quartile) corresponds to 50% of the scores of the group, the upper 
quartile, 75%, the 25% lower and the whiskers high and low less than 50%. 
4) Two data sets were considered for the asymmetry reconstitution of the pancreatic vascular tree 
nonlinear regression equation. Firstly, the stem-crown was computed, to begin with, data from 
the corrosion cast up to the small vessel having diameter <8µm (arterioles). Secondarily the 
missing data (<8µm) obtained from the histological study was used to complete the vascular tree.  





CHAPTER 4: RESULTS 
 
This chapter reports on the data obtained from the different experimental procedures performed 
in this study. This includes the characterisation of two diabetic models followed by the validation 
of the impact of hyperglycaemia on the integrity of the vascular system using various 
immunodetection methods. Routine histological techniques were used to assess the general 
morphology of pancreatic tissue, including the detailed structure of the large vessels (arteries and 
veins), while the vascular casting technique assessed the volume of blood circulating in the vessel 
at a given time. 
4.1 DIABETES INDUCTION AND ANIMAL MONITORING 
The first objective of this study was to develop animal models that mimic the two common types 
of DM, the T1 and T2DM using STZ. The following sections report data obtained during these 
procedures. 
4.1.1 Effect of a high-fat diet on the animal body weight 
Bodyweight changes and BGL profile over time are shown in Figure 4.1. During the 14 days of 
HFD, both groups (HFD and RAC) had a gradual increase in the mean BW (Figure 4.1A). The 
HFD group started to have a significant increase in mean BW from day 3 (237.1±6.62 to 
246.5±6.62g, p=0.0366) and remained so until on day 14 (from 237.1±6.62 to 288.01±5.66g, 
p<0.0002) compared to the RAC group (from 234.85±4.47 to 239.55±6.6g on day 3 and from 
234.85±4.47 to 254.21±4.79g on day 14). 
4.1.2 Effect of a high-fat diet on the blood glucose level  
During the 14 days of HFD, the mean fasting BGL in RAC group remained constant (from 
5.47±1.112 on day 0 to 5.7±0.101mMol/L on day 14) while that of HFD group increased 
significantly over time (from 5.55±0.1037 on day 0 to 7.96±0.34mMol/L on day 14, p=0.0002) 
(Figure 4.1B). However, the significant increase in the mean BGL on day 14 was not sufficient to 






Figure 0.1: Bodyweight (A) and blood glucose level (B) profile during 14 days of a high-fat diet. 
Each point on the graph represents mean values ± standard error of the mean (SEM) for the 
control (RAC) and the high-fat diet (HFD) groups. Statistical significance difference was evaluated 
using Student's t-test p<0.05).  
4.1.3 Oral Glucose Tolerance Test (OGTT) 
The oral glucose tolerance test shows the body's ability to absorb glucose and therefore the 
effectiveness of insulin action in the tissues. Blood glucose profiles of the RAC and HFD animals 
over time (0-3-5-10-20-30-60-90-120min) following an oral bolus of glucose solution (3g/kg BW) 




The analysis was done every three days from the animals that were fed on standard rat diet (RAC) 
and those fed on the high-fat diet (HFD) during the 14 days following the introduction of the high-
fat diet.  
 
Before the start of the OGTT test, the reference value of the mean BGL in the HFD group was 
already significantly higher (p=0.0002) compared to that of the RAC group. Therefore the 
significant differences between the two groups over time represented in Figure 4.2 are changes 
from this baseline value. Hence at 0 min, the HFD group had the mean fasting BGL of 
7.96±0.349mMol/L and the RAC control group 5.36±0.129mMol/L as reported earlier in 4.1.1. 
Thereafter a gradual increase in BGL was observed from 5min (7.73±0.165 and 
10.78±1.425mMol/L in RAC and HFD groups respectively), with the increase in the HFD group 
starting to be significantly higher at 10min (p=0.043) compared to the RAC group. The increase 
in BGL remained significantly higher until 90 min of the OGTT in the HFD group compared to the 
RAC group (10.79±1.176 vs 6.75±0.137mMol/L, p=0.0146). The highest mean value in the two 
groups was recorded at 30min (8.49±0.083mMol/L for the RAC group and 15.49±1.758mMol/L 
for the HFD group (p=0.0001). 
 
 
Figure 0.2: Glucose level profile of rats fasted overnight over time during OGTT 14 days after 




Each point on the graph represents mean values ± standard error of the mean (SEM) for the 
control (RAC) and the high-fat diet (HFD) groups at each time point of the test. The control group 
(RAC) had a lower glucose excursion over time compared to the HFD group Statistical significant 
difference evaluated using Student’s t-test. Stars (* and ***) indicate different level of significance 
between the two groups as indicated in the graph. 
4.1.4 Diabetic period 
The diabetic period began 4 days (corresponding to day 1 of the diabetes period and day 24 of 
the experimental period) after STZ injection when the BGL in the RAC / STZ and HFD / STZ 
groups was ≥15mMol/L. Bodyweight, BGL daily food and daily water consumptions .of the animals 
in all group were recorded. 
4.1.4.1 Mean Body weights 
The trends of BW of control and STZ treated animals are shown in Figure 4.3. All control (NC, C-
SSC and C-HFD / SSC) groups showed a progressive gain in the mean BW (ranging from 5g to 
12g every three days) throughout the experiment. At the end of the experiment, the NC group had 
the lowest mean BW gain of 76.75±6.6g (29.91% increase) followed by the C-SSC group of 
88.014±8.45g (34.33% increase). The C-HFD / SSC group achieved the highest and significant 
mean BW gain (118.94±9.25g for a 42.02% increase, P=0.0006) compared to the other control 
groups. 
Unlike the control groups, the STZ treated groups (RAC / STZ and HFD / STZ) instead of gaining 
weight, experienced a progressive loss in BW (69.36±5.23g and 44.25±4.53g respectively). At 
the end of the experiment (diabetes day 60), up to 26.65%, BW loss was recorded (260.26 to 
190.9g, p=0.0001) in the RAC / STZ group (Figure 4.3). The HFD / STZ group had a less severe 





Figure 0.3: Trends in the mean in body weight changes over time in experimental and control 
groups during the diabetic period. 
Each curve in the figure connects points representing the mean body weight of a group of animals 
measured every three days during the whole diabetic period. All values are expressed as 
mean±standard error of the mean, statistical difference versus NC, C-SSC and C-HFD / STZ 
groups using one way ANOVA with the Newman-Keuls post hoc test (P<0.05). 
 
4.1.4.2 Fasting blood glucose level 
The trends of mean fasting BGL changes in the experimental and control animals over time are 
shown in Figure 4.4. A single intraperitoneal injection of 50mg/kg and 35mg/kg BW of STZ 
significantly increased the mean BGL (>15mMol/L, p=0.0022) within four days post-injection of 
STZ in RAC / STZ and HFD / STZ groups respectively. These results enable the researchers to 
declare that these animals were diabetic. Three weeks later (diabetic day 42), the mean BGL of 





         
Figure 0.4: Mean blood glucose level profile of experimental and control groups during the 
diabetic period. 
Each curve in the figure connects points representing the mean blood glucose level of a group of 
animals measured every three days during the whole diabetic period. Each data point is the mean 
± standard error of the mean, statistical difference versus NC, C-SSC and C-HFD / STZ groups 
using one way ANOVA with the Newman-Keuls post hoc test (P<0.05). 
 
The significant increase in mean BGL was consistent with the severe loss of mean BW 
(265.14±9.76 to 190.9±10.47g) as reported earlier, also with the increase in daily food 
(24.04±1.22 to 43.457±5.80g in Figure 4.5A) and water intakes (36.17±6.34 to 295.375±20.43mL, 
Figure 4.5B). However, the HFD / STZ group had a lower glucose excursion (19-28mMol/L), 
accompanied by less severe mean BW loss and a moderate increase in food (21.72±4.22 to 
28.01±5.1g) and water (39.34±7.95 to 92.02±8.93mL) intakes (Figure 4.5B). It should be noted 
that the dose of 35mg/kg BW of STZ would have caused no or only a slight increase (7 to 
9mMol/L) in BGL in rats fed with RAC at the end of the experiment (results not reported here). 
Control animals NC and C-SSC maintained mean BGLs between 4.2 to 5.9mMol/L over time. The 
C-HFD / SSC groups showed a slight but not significant (p=0.082) increase in mean BGL from 
the tenth diabetic day (from 7.48±0.07 to 8.01±1.23mMol/L) and this remained so until the end of 




4.1.4.3 Food and water intake 
The daily food (Figure 4.5A) and water (Figure 4.5B) intakes per rat were recorded throughout 
the prediabetic and the diabetic periods (day 11 to day 88 of the experimental period). Each group 
maintained its original diet throughout the experiment: RAC for the NC, C-SSC and the RAC / 
STZ groups and HFD for the C-HFD / SSC and HFD / STZ groups.  
Prior to STZ injection, no significant difference in the mean daily food (p=0.53) and water 
(p=0.123) intakes per rat between groups was recorded. After STZ injection, both parameters 
began to increase and became significantly high from the diabetic week 3 in the RAC / STZ 
(p=0.00035) and week 4 for HFD / STZ groups (p=0.02) compared to the control ones. The mean 
values remained high until the end of the experiment ranging between 20.257±3.208g and 
47.28±2.91g for the RAC / STZ group and 20.014±3.933g to 31.02±5.436g for the HFD / STZ 
group. The lowest mean daily food consumption per rat was recorded in week 1 and the highest 
in week 6 of the diabetic period for both STZ treated groups. The increase in the mean daily food 
intake in the HFD / STZ animal was moderate compare to that of the RAC / STZ.  
Similarly, the mean daily water intake per rat significantly increased (p<0.001) for RAC / STZ and 
HFD / STZ groups, ranging from 182 ± 30mL and 33.771±12.03mL at the end the first diabetic 
week to 321.02±13.81mL and 102.20±3.428mL in week 6 respectively, typical symptoms of both 
T1 and T2 DM. 
The control animals (NC, C-SSC and C-HFD / STZ, not treated with streptozotocin) had no 
significant difference in the mean daily food and water intakes per rat throughout the diabetic 
period. They maintained a relatively constant mean daily food (15 to 24.72±3.93g/day/rat) and 





Figure 0.5: Trends of Mean daily food and water intakes under all experimental conditions during 
the Pre-diabetic (week 1 to 2) and diabetic (week 3 to 10) period. 
Each point on the graph represents the mean ± standard error of the mean of daily food intake 
(A) or water intake (B) per rat each week for 8 (RAC / STZ group) to 10 rats per group; Statistical 
difference versus NC, C-SSC and C-HFD / STZ groups using one way ANOVA with the Newman-
Keuls post hoc test (p<0.05). 
 
4.1.4.4 Diabetes induction survival rate 
The alteration of the vascular structure is directly associated with the diabetogenic state of an 




(RAC / STZ and HFD / STZ groups) we examined the survival rate of the diabetogenic effects of 
STZ (BGL≥15mMol/L) in each diabetic induced group. A success rate of 80% for the RAC / STZ 
group and 100% for the HFD / STZ group was recorded and maintained during the 60 diabetic 
days (Figure 4.6). The RAC / STZ group had only 80% survival rate due to the death of two 
animals on day 34 and 43 of diabetes respectively. 
       
Figure 0.6: Survival rate after streptozotocin administration during the diabetic period. 
 
RAC / STZ and HFD / STZ groups received a dose of 50 and 35mg/kg bodyweight of 
streptozotocin respectively. Four days later (on diabetic day 1), animals of both groups had a 
blood glucose level greater than 15mMol/L and were declared diabetic. One rat from the RAC / 
STZ (n=10) died on the days 34 and another on the day 43 of the diabetic period. Therefore, 80% 
survival rate was recorded in this group compared to the 100% obtained in HFD / STZ group 
4.2 EFFECT OF HYPERGLYCAEMIA ON ANIMALS' IMMUNODETECTION PARAMETERS  
The effect of hyperglycaemia on the various animals' immunodetection parameters associated 
with the vascular damage and repair are discussed here. 
The Magnetic Luminex assay and flow cytometry were used to validate the vascular damage and 




cells and discussed later in this chapter under the histomorphology of the pancreatic tissue 
(4.4.1.1). 
4.2.1 Effect of hyperglycaemia on the serum levels of four inflammatory cytokines 
associated with the vascular damage 
The following potential serum biomarkers in response to vascular functional incompetence and 
injury were analysed in experimental and control animals using Magnetic Luminex assay: IL-6, 
TNF-alpha, TIMP-1, and VEGF. These cell-signalling molecules are involved in the normal 
functions of haematopoiesis, the immune system, metabolism, as well as in the pathogenesis of 
cardiovascular diseases (Qu et al., 2014). The level of IL-6 and TNF characterized as markers for 
the above-listed disorders were tested to evaluate the degree of the vascular inflammation in this 
study (Qu et al., 2014). Under the present experimental conditions, serum concentrations of these 
two cytokines (IL-6 and TNF) were not detectable in all groups because they were out of the range 
set by the standard protocol. For statistical analysis (one way ANOVA), the fluorescence intensity 
(FI) was considered as previously justified by Breen, Tan & Khan (2016). The method is 
considered as a better choice for analysing quantity estimation because it lessens the concern 
for determining levels of detection. To verify vascular inflammation and injury-induced 
angiogenesis in diabetic rats, the serum VEGF-A level was evaluated. This is a potent angiogenic 
factor that has been identified as a primary initiator of proliferative diabetic retinopathy (Aiello & 
Wong, 2000). TIMP-1, on the other hand, was tested to quantify the increase of the extracellular 
matrix (collagen and elastin) formation that may be the cause of the increase in the vessel wall 
thickness (Jacob, 2003). 
Although assessing the level of these biomarkers does not specifically indicate whether 
pancreatic vascular dysfunction has occurred with high blood glucose levels, these tests validate 
the severity of the effect of hyperglycaemia on the vascular system in general, in the two 
experimental diabetic models. 
4.2.1.1  Mean serum level of Interleukin 6 
The mean fluorescence intensity (MFI) of the serum level of IL-6 is shown in Figure 4.7. Mean 
values ranged from a minimum of 20.05±0.474 in NC group to a maximum of 24.61±1.255a.u. in 
the RAC / STZ group, with a statistically significant difference (p=0.0023) between the 2 groups. 






Figure 0.7: Mean serum level of Interleukin-6 after 60 days of diabetes mellitus under all 
experimental conditions using the Luminex magnetic assay technique. 
 
Interleukin-6 (IL-6) level was significantly higher in RAC / STZ but not in the HFD / STZ group: 
Box and whisker plot of IL-6 level. The horizontal bars in the box are means of 8-10 rats, the box 
is the lower and upper quartiles (25-75th percentile) and whiskers are the SEM. All data are 
expressed in arbitrary unit (au) as mean ± SEM, p<0.05. Statistical difference versus NC, C-SSC 
and C-HFD / STZ groups using the Kruskal-Wallis test followed by post hoc Dunn's test. 
4.2.1.2 Mean serum level of the tumour necrosis factor-alpha 
The mean fluorescence intensity (MFI) of the serum level of TNF-alpha assay is presented in 
Figure 4.8. The highest mean value of the TNF- alpha was recorded in the HFD / STZ group 
(43.05±4.411a.u) followed by the RAC / STZ group (41.666±4.745a.u). The NC group had a mean 
value of 30.05±3.1a.u. The C-SSC group had the lowest value 29.359±3a.u. which was 
significantly different (p=0.0065) from the value obtained in the HFD / STZ group. No significant 

















































Figure 0.8: Mean serum level of tumour necrosis factor-alpha after 60 days of diabetes mellitus 
under all experimental conditions using the magnetic Luminex assay technique. 
 
Tumour necrosis factor-alpha (TNF-alpha) serum level was significantly (p<0.01) different 
between the C-SSC group and the HFD / STZ group: Box and whisker plot of TNF-alpha level. 
The horizontal bars in the box are means of 8-10 rats, the box is the lower and upper quartiles 
(25-75th percentile) and whiskers are the SEM. All data are expressed in arbitrary unit (au) as 
mean ± SEM p<0.05. Statistical difference versus NC, C-SSC and C-HFD / STZ groups using the 
Kruskal-Wallis test followed by post hoc Dunn's test 
4.2.1.3 Mean serum level of the tissue inhibitor of metalloproteinase 1 
Figure 4.9 shows the mean serum level of metalloproteinase 1 (TIMP-1), a tissue inhibitor, under 
all conditions. The highest mean level was recorded in the RAC / STZ group (3073.665 pg/mL) 
followed by the HFD / STZ group (1935.593pg/mL, while the lowest was recorded in the C-SSC 
(1432.3pg/mL) with a significant difference (p<0.05) between each of the diabetic groups (RAC / 
















































Figure 0.9: Mean serum level of tissue inhibitor of metalloproteinases 1 after 60 days of diabetes 
mellitus under all experimental conditions using the Luminex magnetic assay technique. 
 
The RAC / STZ group has the highest significantly (p<0.05) level of the TIMP-1: The horizontal 
bars in the box are means of 8-10 rats, the box are the lower and upper quartiles (25-75th 
percentile) and whiskers are the SEM. All data are expressed in picogramme/millilitre as mean ± 
SEM, p<0.05. Statistical difference versus NC, C-SSC and C-HFD / STZ groups using the 
Kruskal-Wallis test followed by post hoc Dunn's test. 
4.2.1.4 Mean serum level of the vascular endothelial growth factor  
Figure 4.10 shows the mean serum vascular endothelial growth factor (VEGF) level in each group. 
Although there was no significant difference between the groups, an upward trend in VEGF levels 
(33.3±5.553 and 39.777±6.450pg/mL) was observed in all diabetic groups (RAC / STZ and HFD 
/ STZ respectively) compared to all control groups 14.59±5.095, 14.28±1.573 and 
























































Figure 0.10: Mean serum level of vascular endothelial growth factor after 60 days of diabetes 
mellitus under all experimental conditions using the Luminex magnetic assay technique. 
 
Vascular endothelial growth factor (VEGF-A) levels were not significantly higher in both diabetic 
animal groups (RAC / STZ and HFD / STZ group): Box and whisker plot of VEGF-A level. The 
horizontal bars in the box are means of 8-10 rats, the box is the lower and upper quartiles (25-
75th percentile) and whiskers are the SEM. All data are expressed in picogramme/millilitre as 
mean ± SEM. 
4.2.2 Peripheral blood mononuclear cells immunophenotyping by flow cytometry 
The effects of hyperglycaemia were examined on the integrity of the endothelium: a flow 
cytometry technique was used to determine the number of CEPCs in experimental and controls 
animals. As described in the Materials and Methods chapter (3.4.1.2.), the techniques involved 
several steps defined by the progressive combination of a series of antibody reactions and a 
system of gating strategies. All data in the figures below are expressed as mean ± SEM of 8-10 
rats, p<0.05. Statistical differences versus NC, C-SSC and C-HFD / STZ groups using one way 

























































Box and whisker plots show median (central line), upper and lower quartiles (box) and range 
excluding outliers (whiskers). Data were analyzed using Kruskal–Wallis test followed by the 
Dunn’s multiple comparison test. P≤ 0.05 was considered statistically significant.  
Box-plot representation of the circulating endothelial progenitor cells (CEPCs) levels at days 1 
and 21. Box-plots show median (middle line), interquartile range (box), 25-75th percentile 
(whiskers). CR: complete response; VGPR: very good partial remission; PR: partial response; d: 
day. The paired-samples t-test was used for statistical analyses. 
 
The relationship between serum levels of CEPC and CD34 islets on one hand, and methenamine 
stained pixel areas and pancreatic vessel thickness, on the other hand, was assessed. 
4.2.2.1 Total number of single cells 
A gate was drawn around single cells in an FS peak vs. FS interval dot plot. The highest mean of 
the total event was observed in group C-SSC (635528), followed by groups NC (482363) and 
then RAC / STZ (352805) (Figure 4.11). The lowest mean (82463.4) was obtained from the HFD 
/ STZ group. There was a significant difference (p<0.01) between the C-SSC group and all the 
HFD groups. 
 
Figure 0.11: Mean total number of cells obtained from the peripheral blood mononuclear cells 






















































Streptozotocin-treated animals (RAC / STZ and HFD / STZ) were maintained diabetic for 60 days 
before the peripheral blood mononuclear cells isolation. Each column bar is the representation of 
the mean number of ungated cells in a condition (n=8-10 rats). Data analysed by one way ANOVA 
Kruskal-Wallis test followed by the Dunn’s multiple comparison test. P < 0.05 was considered 
statistically significant. ** p<0.01 
4.2.2.2 The percentage viability 
Zombie violet was used to select viable cells from the single ones and data were recorded (Figure 
4.12). The NC group showed the highest value of viable cells representing a mean percentage of 
91.131%±0.81%, followed by C-HFD / SSC (85.574%±4.212%) and RAC / STZ (77.31%±4). 
41%). The HFD / STZ group had the lowest and statistically significant (p<0.05) % viable cells 
(59.161%±5.79%) compared to the NC group. 
 
 
Figure 0.12: Percentage (%) viable cells in each condition. 
 
The Zombie Violet TM solution was used to select viable cells from the total event in each group 
The horizontal bars in the box are means of 8-10 rats, the box is the lower and upper quartiles 


















































analysed by one way ANOVA "Kruskal-Wallis test" followed by the Dunn’s multiple comparison 
test. P < 0.05 was considered statistically significant. *p<0.05. 
4.2.2.3 Expression of CD45 cells 
Lymphocytes and granulocytes were selected from the viable cells using the FS vs CD45-AF700 
dot plot interval, and the percentages were calculated. There were no significant difference 
between the groups (NC: 17.5±1.33%, C-SSC: 14.96%, C-HFD / SSC: 18.12±1.45%, RAC / STZ: 
15.78±0.96% and HFD / SSC 13.5±2.1%) (p=0.56). The remaining cells were a mixture of smaller 
CD45+ and CD45- expressing cells. 
4.2.2.4 Expression of CD133 cells 
The potential fraction of cells containing the CEPCs was further extracted from CD45- / + cells 
using a CD133-APC vs. CD133-APC dot plot CD45-AF700. All cells expressing CD45+ / CD133+ 
were separated from CD45- / CD133+ cells without significant statistical difference between the 
groups for both cell lines. The C-HFD / SSC group had the highest mean percentage of CD45+ / 
CD133 + cells (2.22±1.02%), whereas the normal control group had the highest mean percentage 
of CD45- / CD133+ cells. high (1.89±6.03%). 
4.2.2.5 Expression of CD45-CD133+CD31+CD34+ (CEPCs yield) 
A combination of CD31 and CD34 expressions were then used to assess the level of CEPC from 
total viable CD45- / CD133 + cells. CEPCs are characterized by CD45- / CD133 + / CD31 + / 
CD34 + as previously described by (Liao et al., 2010). The normal control group had the highest 
percentage of CEPC value (1.13±0.373%), followed by the C-SSC group (0.682 ± 0.08%) and 
then the C-HFD / SSC group (0.360±0.192%) (Figure 4.13, summary in Table 4.1). There was a 
significant difference (p=0.0325) between the NC and HFD / STZ group which had the lowest 
percentage CEPCs (0.1213±0.031%). There was no significant difference in the percentage 
CEPCs value between the control and RAC / STZ groups, as well as between the two types of 





Figure 0.13: Box and whisker plots representation of the percentage CEPCs expression in all 
conditions. 
 
The horizontal bars in the box are means of 8-10 rats, the box is the lower and upper quartiles 
(25-75th percentile) and whiskers are the SEM. Results are presented as mean ±SEM. Data 
analysed by one way ANOVA "Kruskal-Wallis test" followed by the Dunn’s multiple comparison 
test. P < 0.05 was considered statistically significant. *p<0.05. 
 
Table 0.1: Summary of percentage viability of ungated and percentage of total CEPC cells 
(CD45-CD133+CD31+CD34+) in each condition. 
 NC (n=10) C-SSC (n=10) 
C-HFD / SSC 
(n=10) 
RAC / STZ HFD / STZ 
(n=10) (n=8) 
% Mean 
Viable cells  




1.13 ± 0.373 0.682 ± 0.08 0.360 ± 0.192 0.179 ± 0.066 0.121 ± 0.031* 
Results are presented as mean ±SEM. Data analysed by one way ANOVA "Kruskal-Wallis test" 
followed by the Dunn’s multiple comparison test. P<0.05 was considered statistically significant 




4.3 EFFECT OF HYPERGLYCAEMIA ON THE HISTOMORPHOLOGY OF THE 
PANCREATIC TISSUE 
While haematoxylin and eosin successfully stained slide sections of the duodenal and splenic 
portions of the pancreas and allowed for the evaluation of the general morphology, another set of 
the sections were impregnated with the silver stain and used to delineate the connective tissue 
(especially BM) content of the pancreatic tissue in each experimental condition. Finally, the 
expression of CD34 on the islet endothelial cells helped assess the integrity of the endothelium 
under all conditions, 
4.3.1 The general histomorphology of the pancreatic tissue 
The assessment of the general pancreatic tissue morphology using H&E is discussed in this 
section. The total magnification of the micrographs is reported as the product of the magnification 
of the eyepiece and the magnification of the objective. That is with a 10X objective, the 
total magnification is 100X (10X multiplied by 10X). 
4.3.1.1 In the normal control group 
Micrographs of the duodenal and splenic parts of the pancreatic tissue sections of the NC group 
stained with H&E are shown in Figure 4.14. The two pancreatic regions showed regular and well-
defined islets pale stained areas (encircled) scattered throughout the deeply stained parenchyma 
(Figure 4.14 A1 and A2). The islets cells had a cord-like cellular arrangement with intervening 
blood vessels. The duodenal sections displayed larger but less numerous islet than the splenic 
sections with smaller islets. The parenchyma consisted of pyramidal acinar cells (ACs), having 
basal nuclei and organized in a cluster around a duct system (D). The duct system was organized 
into centroacinar cells and intercalated, intralobular, interlobar and main ducts (MD) (Figure 
4.14B1 and B2). Each islet was delimited from the surrounding exocrine tissue by a delicate peri-

























By: E. Ngounou 
Figure 0.14: Photomicrograph of the pancreatic sections stained with H&E of normal control 
animal. Bar:20μm. 
A1 and A2 represent sections of the splenic and duodenal pancreas respectively focused on the 
islet and the surrounding structures: In both cases, at the centre islets with scatter healthy cells 
stained light purple (encircled) and the acinar cells (ACs) dark blue at their base (because of the 
presence of nuclei) and pinkish at their apex (luminal aspect). The nuclei of centro-acinar cells 
are seen within an acinus (arrowhead) as they start the formation of a system of the duct (D) 
which ends at the main duct (MD) represented in B1 and B2). Mag=200X. 
4.3.1.2 In the control to streptozotocin-induced type one diabetic group 
Micrographs of the duodenal (Figure 4.15A1 and B1) and splenic parts (Figure 4.15A2 and B2) 
of the pancreatic tissue sections of the C-SSC group stained with H&E retained the same 











By: E. Ngounou 
Figure 0.155: Photomicrograph of the pancreatic sections stained with haematoxylin and eosin 
of the C-SSC group (control to streptozotocin-induced type one diabetic animal model). Bar: 
20μm. 
 
4.3.1.3 In the control to streptozotocin-induced type two diabetic group 
Micrographs of the duodenal and splenic portions of the pancreatic tissue sections of the C-
HFD/SSC groups stained with H&E are shown in Figure 4.16. The two pancreatic regions (Figure 
4.16A1 and B1 for the duodenal part and A2 and B2 for the splenic part) present numerous, large 
and lightly coloured islets (circled). Each islet was made up of endocrine cells with adjacent clear 
space (arrowhead) representing fatty infiltrations (FI). The parenchyma as in the normal control 
group consisted mainly of acinar pyramidal cells (ACs) strongly coloured but associated with a 




parenchyma, mainly around ducts (D) and blood vessels (BV). Each islet was delimited from the 
surrounding exocrine tissue by a peri-islet capsule encumbered (arrow) with fatty deposits. 
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Figure 0.16: Photomicrograph of the pancreatic sections stained with haematoxylin and eosin of 
the C-HFD / SSC group (control to streptozotocin-induced type two diabetic model). Bar: 20μm. 
A1 and A2 represent sections of the duodenal and splenic pancreas respectively showing islet 
surrounded by acinar cells (ACs) dark blue at their base and pinkish at their apexes (luminal 
aspect). Endocrine cells are detached from each other from place to place by intra-islets FI. B1 
and B2 show hypertrophied fat cell clustered around medium-sized blood vessels (BV) for the 
duodenal (B1, Mag 200X)) and splenic (B2, Mag 400X) pancreatic sections respectively. Mag: 
200X for A1 and A2, 100X for B1 and 400X for B2. 
4.3.1.4 In the streptozotocin-induced type one diabetic group 
Micrographs of the duodenal and splenic portions of the pancreatic tissue sections of the RAC / 




(Figure 4.17 A1 and B1 for the duodenal part and A2 and B2 for the splenic part) showed mainly 
acinar cells (ACs) because the islets appeared to be smaller in size (circled), shrunk and irregular 
in shape with a reduced number of endocrine cells, the central region hyalinised and fibrotic 
(arrow) showing few pyknotic nuclei (PN), focal areas of degeneration and congestion while 
exhibiting vacuolations (V) with infiltration of mononuclear (MCs) and lymphocytic cells (LCs). 
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Figure 0.17: Photomicrograph of the pancreatic sections stained with haematoxylin and eosin of 
the RAC / STZ group (Streptozotocin-induced type one diabetic model) 
A1 and A2 are sections of the duodenal and splenic pancreas: the islet appeared light stained in 
the centre of the micrograph surrounded by acini. (B1 and B2) show pancreas in this group 
focused on the islet structures. Islets appeared light purple and shapeless, with less demarcation 
of the per islet capsule. The acinar cells (ACs) stained dark blue at their base and pink at their 




lymphatic cells within the islet core. Thin-walled blood vessels (B1 and B2) mostly presented in 
doublet (B2). Mag: 200X. 
4.3.1.5 Streptozotocin-induced type two diabetic group 
Micrographs of the duodenal (A1 and B1) and splenic (A2 and B2) portions of the pancreatic 
tissue sections of the HFD / STZ group stained with H&E are shown in Figure 4.18. Regarding 
the tissue sections of this group, they showed abnormal islet structure similar to that observed in 
the RAC / STZ sections but with a less degenerative state. These sections still maintained a 
significant amount of FI in the islet (arrowhead) and around blood vessels (BV) and ducts (D) (B1 
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Figure 0.18: Photomicrograph of the pancreatic sections stained with haematoxylin and eosin of 

















Sections of the duodenal (A1 and B1) and the splenic (A2 and B2) pancreas focused on the islet 
structures and stained with haematoxylin and eosin. In the two pancreatic regions, the 
micrographs show light purple and shapeless islets, with less demarcation of the peri-islet 
capsule. The acinar cells (ACs) stained dark blue at their base and pink at their apexes (luminal 
aspect). Mononuclear (MCs) macrophage and lymphatic cell (LCs) infiltrations within the islet 
core. Thin-walled blood vessels (B1 and B2) were usually presented in doublet (B2), this means 
an artery and its corresponding vein.(A1 Mag: 400X, A2, B1 and B2 Mag: 200X) 
4.3.2 Vascular histomorphology 
A close microscopic examination of the vascular structure of the two pancreatic regions under all 
conditions showed the five morphological vessel types normally found in the human body: 
arteries, arterioles, capillaries, venules and veins. Large pancreatic vessels (arteries >70μm and 
veins >90μm) were usually embedded within the connective tissue separating pancreatic lobes 
(interlobar septum). Sections from each group usually exhibited vessels in doublet; an artery and 
its homologous vein. Under all conditions, arteries (a) (Figure 4.19) were readily identified in the 
tissue sections because of their smaller luminal diameter, less than half the diameter of the vein 
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Figure 0.19: Schematic representation of pancreatic vessels (doublet) illustrating arteries and 
homologous veins structural differences under all conditions. Bar: 20μm. 
 
Medium size vessels with thick wall and small luminal diameter arteries (a) and thin-walled and 
large diameter vein (V), A) from normal control, B) From a C-HFD / SSC, C) From a RAC / STZ 
and D) from an HFD / STZ rats. Detailed structure of the vessel types in each condition is reported 
in the following sections. Mag=200X. 
4.3.2.1 Vascular histomorphology in the normal control group  
Histological sections of the NC and C-SSC control groups showed vessels (arteries and veins) 
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Figure 0.20: Photomicrograph of histological of H&E-stained pancreatic tissue sections of the 
normal control animal showing the detailed of the normal anatomical features of the pancreatic 
vessels. Bar: 20μm. 
A and B are longitudinal sections of a large artery from the duodenal and splenic sections 
respectively. showing a wall made up of three main layers surrounding an elongated lumen 
containing red blood cells: thin adventitia (a), moderate tunica media with an outer longitudinal 
(dotted line arrow) and an inner circular (full line arrow) smooth muscle layers (b), a single layer 
of endothelial cells (a) supported by a moderate thickness of basement membrane (BM) 
Mag=400X. C and D represent medium vessels (artery (a) smaller and vein (V) larger) from the 
duodenal and splenic pancreatic tissue respectively with thinner of tunica media. Mag=200X.  
The structures of the medium vessels were similar to those of the large vessels, but with less 
demarcation of the three main layers (Figure 4.20C and D). The smaller vessels (arteries and 
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Figure 0.21: Numerous smaller vessels scattered in the pancreatic tissue section of a normal 
control animal. (Mag=200X). The vessels were examined and counted under a grid of 1 µm2 for 
each square. 
Like in the large vessels, arteries had smaller diameters compared to the corresponding veins 
(Figure 4.20A). Arteriolar walls showed little or no smooth muscle fibres with 2-3 endothelial cells 
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Figure 0.22: Section of a duodenal pancreatic tissue. Photomicrograph representation of small 
vessels of the rat (artery and homologous vein) with walls having little smooth muscle fibres. 
Bar: 20μm. 
 
4.3.2.2 Vascular histomorphology in the streptozotocin-induced type one diabetic group 
Micrographs of the duodenal and splenic portions of the pancreatic tissue sections stained with 
H&E of the RAC / STZ group showing the structure of the large vessels are represented in Figure 
4.23. Eight weeks of hyperglycaemia (>15mMol/L) affected the histological features of the 
pancreatic vessels (arteries and veins) supplying the islet. These vessels had extremely thin walls 
with less delineated components (tunica adventitia, media and intima). As a result, the lumens 
were larger and wide open with no perivascular fat deposit found around them (Figure 4.23). 
Vessels in these sections were characterised by lumens lined by a very disconnected endothelium 



















By: E. Ngounou 
Figure 0.23: Photomicrographs of histological sections of RAC / STZ rats showing the detailed 
anatomical characteristics and components of the vessel wall. Bar: 20μm. 
A) Duodenal thin-walled vein and artery. B) Splenic thin-walled vein and artery. Mag=200X. 
 
4.3.2.3 Vascular histomorphology in the control to streptozotocin-induced type one 
diabetic group 
Histological sections from C-SSC control groups showed arteries with normal anatomical features 
in both pancreatic regions as those seen in the NC group. 
4.3.2.4 Vascular histomorphology in the streptozotocin-induced type two diabetic group 
Tissues sections from the HFD / STZ group maintained the same pattern as those of the obese 
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Figure 0.24: Photomicrographs of histological sections of HFD / STZ rats showing the detailed 
anatomical characteristics and components of the vessel wall. Bar: 20μm. 
A) Connective tissue invaded with fat (F) around blood vessels in a duodenal section B) the same 
characteristic seen in the artery in the splenic section. Mag=200X. 
 
4.3.2.5 Vascular histomorphology in the control to streptozotocin-induced type two 
diabetic group 
The pancreatic sections stained with H&E of the C-HFD / SSC had the largest vessels (total 
diameter 85-90μm in arteries and 110-130μm in veins) with a net increase in the wall thickness 
and a clear reduction of the luminal diameter (Figure 4.25). The structure of the vessel wall in this 
group maintained the same anatomical pattern as those of the NC group with the exception that 
1) the basement membrane (BM) was pronounced especially in the duodenal section (D), 
supporting a normal endothelium with very flat endothelial cells in the artery and swollen 
endothelial cells in the vein. The luminal surface of the venous wall was sometimes coated with 
fatty deposition, 2) a pronounced tunica media, especially in the duodenal section (Figure 4.25D), 
compared to the splenic section (Figure 4.25A & B}. Bundle of connective tissues (CT) (amyloids) 
in addition to large fat cells were found around the blood vessel. Smaller arteries had a very small 
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Figure 0.25: Photomicrographs of histological sections of the C-HFD / SSC animals showing the 
detailed anatomical characteristics and components of the vessel wall. 
 
A) Vein with a thinner wall on the right and artery with a thicker wall of the left (Mag=200X, Bar: 
20μm.). B)  Enlarge portion of the artery and vein wall. C) A thick wall medium artery and the 
homologous thin wall vein surrounded by dense connective and adipose tissues (Mag=400X). D) 
A portion of a large artery clearly showing the two layers of tunica media separated from the 
acinus by a thick adventitia and from the lumen by the endothelium (Mag=400X, Bar: 100μm.). 
4.3.3 Assessment of the basement membrane distribution in the pancreatic tissue 
Basement membrane in the islet and the peri-islet space (Figure 4.26) was demonstrated using 
the silver staining method. In the islet, the distribution of the BM was not homogeneous and had 
the profile of CD34 expression as described with the immunological results. In other words, the 
















conditions (Figure 4.26). The capsule of the islet and its invaginations while allowing blood vessels 
to enter the islet was highlighted. Outside the islet, the BM supporting the acinar cells was 
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Figure 0.26: Light photomicrograph of the histological section showing the detailed distribution 
of the connective tissue in the pancreatic section of a C-HFD / SSC animal focused on the islet 
of Langerhans. Bar: 20μm. 
A section of the C-HFD / SSC group impregnated by the methenamine silver stain delineated the 
BM and the peri-islet capsule (yellow arrow). The centre (core) of the islet (lined yellow) stained 
heavily when compared to the periphery (mantle) Mag=400X. 
The connective tissue of the pancreas was well demonstrated by the silver staining method in all 
experimental conditions and both regions. The distribution of the intraislet BM (connective tissue) 
in the duodenal and splenic pancreatic tissue sections of all groups is summarized in Figure 4.27 
(A and C for NC and C-SSC, E and G for C-HFD/ SSC, B and D for RAC / STZ and G and H for 
HFD / STZ). Although the sections of the two diabetic groups were strongly impregnated 
compared to the sections of the remaining groups, the HFD / STZ sections (G and H) had the 
highest silver impregnation. The lowest staining intensity was recorded in the NC and SSC 
sections.  
Non beta ‐ mantle 
Islet capsule 
Blood vessel 
Beta ‐cell core 
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Figure 0.27: Light photomicrograph of histological sections showing the distribution of the 





The distribution and the thickness of BM highlighted by the silver stain were similar for both the 
NC and C-SSC section and in the two pancreatic regions (Figure 4.27A and C). The C-HFD / SSC 
(Figure 4.26 and Figure 27E and G) group were heavily impregnated with silver stain in the islet 
and the exocrine tissue compared to the NC group (Figure 27A and C). In this group (C-HFD / 
SSC), the silver stain also clearly demonstrated the amount of connective tissue constituting the 
pancreatic vascular wall (Figure 4.28A and B). The vascular wall in this group was separated into 
three main layers, the tunica adventitia (c), the tunica media (b) and the tunica intima (a). The 













By: E. Ngounou 
Figure 0.28: Photomicrograph of the C_HFD / SSC pancreatic section impregnated with the 
silver stain delineating the connective tissue content of the vascular wall. Bar: 10μm. 
A large (A) and a medium (B) vessels, representative of the vascular feature from the two 
pancreatic regions in this group. Mag-400X. 
 
In conclusion, for each of the pancreatic regions, the characteristic and the thickness of the layers 
(tunica intima, tunica media and tunica adventitia) and the diameter of the lumen of the vessels 
were determined not only by the size, type (arteries or veins) of the vessel (large, medium, small, 
arterioles and venules) but also, and most importantly, by the feeding and the treatment regimen. 
While the amounts of connective tissue and smooth muscle in the wall of each vessel type 




endothelium (marked by CD34 antibody and evaluated in the islet using ImageJ software) 
retained the same pattern throughout the pancreatic tissue. 
Changes in the structure of the vascular wall in different groups stained with H&E (Figure 29A, B, 
C, and D) and impregnated with the silver stain (Figure 29E, F, G, and H) are summarised in 
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Figure 0.29: Represents the light micrograph of the tissue sections showing the trend in the 
anatomical differences of macro vessels of the pancreas in different experimental conditions: 
case of the medium-size vessels. Mag=200X. 
 
The tendency of the vascular histological characteristic being the same in the two regions, 
each image of the figure is the representation of the sections of the pancreatic duodenal and 








histomorphology of the vessels (details of the intima, tunica media and adventitia), 
methenamine silver impregnated sections delineated the BM supporting the endothelium and 
the acini (Figure 4.29E, F (Mag-400X), G, H). Intima, tunica media and adventitia formed the 
vessels wall components of different thickness and different diameter length according to 
whether it was an artery (a, a', a'' and a''') or vein (v, v', v'' and v''') and also to the animal 
group. The extreme left column on figures represents the schematic details of the observed 
vascular morphological difference (artery and its homologous vein) in each condition. The 
vessels with an apparently thicker wall (red arrow) were arteries of arteries. 
Each large vessel (longer diameter) in the homologous pair was much smaller than that of the 
smaller vessel (shorter diameter) and hence was considered as vein and the other an artery.  
 
4.3.4 The effect of hyperglycaemia on the expression of CD34 by the pancreatic 
endothelial cells  
The expression of CD34 antibody was varied not only from one group of the animals to the 
other and from one region of the pancreas to another but also between the islet core and the 
mantle regions (Figure 4.30). NC and C-SSC sections showed the highest expression which 
was considered highlighting the normal distribution of the microvasculature within the islets 
and used to compare all the other groups (figure 4.30A and C). CD34 antibody was poorly 
expressed (lightly coloured) in the C-HFD / SSC sections but with more representation in each 
ROI) (Figure 4.30F and G). In RAC / STZ sections, CD34 antibody was expressed similarly to 
those of the HFD / STZ group and confined mainly to the centre of the islet (Figure 4.30B), the 
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Figure 0.30: The expression of CD34 on the cell membrane of the endothelial cells. 
A and B panels show normal control (NC) sections from the duodenal and splenic pancreas 
respectively with islet cells nuclei coloured blue in an unstained cytoplasm. The CD34 strongly 
expressed cells are coloured brown and healthy and are scattered between islet cells. B and 
D panel present the photomicrograph for the RAC/STZ in the duodenal and splenic pancreas 




CD34 expressing cells status with the islets appearing compressed (Figure 4.30B). These 
cells are not arranged around a lumen as in the NC sections (Figure 4.30A) Mag=400X. 
 
4.4 EFFECT OF HYPERGLYCAEMIA ON THE HISTOMORPHOMETRY OF THE 
PANCREATIC VASCULATURE 
This section gives an account of the measured data obtained from 1) the Islet and 2) large 
pancreatic vessels. 
4.4.1 In the Islet 
In the islet, the distribution of the endothelial cell and the supporting BM were quantitatively 
evaluated. 
4.4.1.1 The percentage CD34 stained pixel area in the islet 
The difference in the ECs expressing CD34 antibody was assessed in each group and for 
each pancreatic region using ImageJ colourisation method (Figure 4.30A-H). The percentage 
CD34 pixel area per unit area of the pancreatic tissue section is illustrated in the percentage 
area in the bar chart graph below (Figure 4.31). The mean values ranged between 5.6±0.3 to 
8.0±1% for the RAC / STZ and NC groups respectively in the duodenal islets and 6.0±0.5 to 
8±0.6 in the splenic islet. The RAC / STZ groups in both regions therefore always recorded 
the lowest and significant mean values (p<0.05) compared to NC and the SSC groups, which 
always had the highest value. In addition, within each group, the mean percentage area of the 
CD34 tends to be higher in the splenic section. Data provided here were taken randomly 
without considering any islets regionalisation difference and like with the silver impregnation, 
the expression of CD34 in the islet core was higher than that in the mantle. 
 
Figure 0.31: Representation of the percentage CD34 pixel area per region of interest within 




The pixel value of CD34 stained area was thresholded, selected and measured from the total 
area of interest from five different islets in each group and for each pancreatic region. The 
mean percentage was calculated in each condition with the RAC / STZ always carrying the 
lowest values. Data are presented as mean ± SEM * p<0.05. 
 
Relationship between CD34 expression and number of islet cell per unit area 
In order to determine whether the size of the islet was associated with the number but not with 
the size of the islet cell, the fractional islet cell (total islet cell number/section area) was 
evaluated and data illustrated in Figure 4.32A and B. The mean fractional islet cell was 
significantly increased in the HFD groups: in the duodenal region, 55.8±5.49 for the C-HFD / 
SSC group vs 32±4.3 for the NC has recorded p<0.0032 and 39.9±4.3 for HFD / STZ vs 32±4.3 
for NC p<0.029, in the splenic region 53±6.3 for the C-HFD / SSC vs 32.6±5.1 for NC p<0.0019 
and 38.4±4.3 for HFD / STZ vs 32.6±4.7 for NC p<0.041). 
To determine whether the islet cell number was associated with the amount of blood supply, 
a relationship between the fractional islet cells and mean values CD34 expression was 
evaluated and illustrated in Figure 4.32C and D. A positive but not significant (r2=0.041, 
p=0.24) correlation was recorded for the duodenal sections while a negative and not significant 
one was observed for the splenic sections (r2=0.0052, p=0.90). 
  
Figure 0.32: A correlation curve showing the relationship between percentage CD34 





Relationship between CD34 expression and number percentage of CEPC 
To determine whether the effect of hyperglycaemia on the vascular integrity was associated 
with the impairment of the vascular repair, the relationship between percentage CD34 stained 
pixel area per unit area of the islet in the pancreatic tissue section and the CEPC level in the 
blood circulation was evaluated. It was observed that the increase in the BGL caused the 
decrease in the % CEPC in the blood circulation which was in turn accompanied by a decrease 
in the expression of the CD34 by the islet cells. Therefore, the RAC / STZ and HFD/STZ 
groups had a mean in BGL raised above 28mMol/L which caused a mean of 0.951% and 
1.009% CEPC decrease and finally a mean decrease of 0.6±0.5% and 0.3±0.9% of the CD34 
expression in the duodenal islet and 2±07% and 0.8±0.3%±0.02 in the splenic islet 
respectively. 
4.4.1.2 The percentage methenamine silver-stained pixel area in the islet 
Basement membranes are the only tissue supporting the islet endothelium whose integrity is 
well known to maintain the function of the islet cells (Nikolova et al., 2006). The percentage of 
the methenamine silver-stained pixel area per unit area of the islet was considered as the 
abundance (thickness) of BM associated with the islet microvasculature and this was best 
measured by the colourisation method of the image j software and recorded. The mean values 
of the percentage pixel area obtained ranged between 7.5±0.5 and 13.2±1.026% for the NC 
and RAC / STZ groups respectively in the duodenal islets and, in the splenic islets, between 
8.6±1 to 14.5±1.5% for the same groups (Figure 4.33). RAC / STZ groups in both regions, 
therefore, always recorded the highest and most significant values (p=0.037 for the duodenal 
and p=0.047 for the splenic) compared to the NC group, which always had the lowest values. 
Moreover, within each group, the percentage pixel area of the silver stain appeared to be 






Figure 0.33: Bar chart representing the percentage of the silver stain pixel area calculated 
in each condition and the two regions of the pancreas. *p<0.05. 
 
The RAC / STZ group always carrying the highest values for both pancreatic regions 
compared to the other group. Data are presented as mean ± SEM and *p<0.05. 
Relationship between methenamine stained pixel areas and pancreatic vessel 
thickness 
The increase in BGL was accompanied with a reduction of the large pancreatic vessel 
thickness (Table 4.2) which was in turn accompanied with an increase in the percentage of 
methenamine stain pixel area in the islet (Figure 4.32). 
4.4.2 Large vessels 
4.4.2.1 Mean vascular diameters and thickness 
The outer diameter was used to estimate the total vessel enlargement while the inner diameter 
(Figure 4.33) was used as the main haemodynamic parameter, which depends on its radius. 
The wall thickness obtained by measurement and validated by calculating the difference 
between the OD and the ID (Table 4.2) was used to evaluate the changes of the amount of 
smooth muscle layer thickness and the supporting connective tissue forming the vascular wall 
because of any vascular remodelling. In addition, whenever an inadequate chemical exchange 
between blood and tissue at the capillary endings is suspected, the vessel wall thickness is 
the best parameter to assess. Also, the ratio between vessel wall thickness and luminal 
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The outer diameter of the pancreatic vessels ranged between 10-130µm. For descriptive 
purpose in this study, the vessels were classified into four main categories (vein vs their 
corresponding arteries): large (100-130µm vs 70-90µm), medium (70-100µm vs 40-60µm), 
and small (50-70µm vs 30-50µm) vessels, and finally, venules and arterioles (20-50µm vs 10-
30µm) in both regions of the pancreas.  
No significant difference was found between the mean OD of the vessels from the duodenal 
and that of the splenic sections of the pancreas within each group in all conditions and for all 
categories. However, the highest mean of OD was recorded in C-HFD / SSC in all vessel 
categories (veins and arteries) (Figure 4.34 A-I) with a significant difference (p<0.05, p<0.01) 
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Figure 0.34: Schematic representation of the measured outer and inner diameters of a 
medium artery and vein from the normal control group. 
Several measurements were taken connecting different two-point of the outer and inner edges 
of the vessel and the average in each category was considered. In addition, the circularity of 
each vessel was measured and a single diameter value obtained when the vessels were 





Figure 0.35: Schematic representation of the relationship between the diameters (OD and 
ID) of a blood vessel and wall thickness. 
OD-outer diameter, ID=inner diameter, T=wall thickness 
Note that in this study, the above formula was deduced from the data obtained after the 





Figure 0.36: Summary of the mean OD: veins (A, C, E, H) and arteries (B, D, F I) in all 
conditions and both pancreatic regions. *p<0.05, **p<0.01 and ***p<0.001. D=Duodenum, 
S= Splenic.
Data were obtained from the outer edges of the adventitia. No significant difference was 
observed between the duodenal (D) and the splenic (S) pancreas in all conditions (p=0.2 NC 
vs SSC, p=0.07 NC vs C=HFD / SSC, p=0.45 NC vs RAC / STZ and p=0.092 NC vs HFD / 
STZ). A and B graphs report the mean OD of large vessels (veins and arteries respectively, 
100-130μm vs 70-100μm), C and D, medium vessels (70-100 vs 40-60μm), E and F, small 
vessels (50-70 vs 30-50μm), and G and H venules and arterioles (25-40 vs. 10-25µm) 
respectively. All data are expressed as mean ± SEM.  


























































































































































































































































































































The corresponding IDs were smaller than ODs in all classes of vessels and both pancreatic 
regions (Figure 4.35). However, unlike in OD results, the C-HFD / SSC sections (Figure 4.35 
C, H) had the lowest and most significant IDs (p<0.01) and therefore the highest and most 
significant wall thickness values (the difference between outer and inner diameter) (Table 4.2, 
p<0.05, p<0.001, Figure 4.37) compare to all other groups. Blood vessels from RAC / STZ 
sections (Figure 4.35 D, I) had the highest and most significant IDs (p<0.01) with a 
corresponding lowest and most significant wall thickness in all category of vessels compared 
to all other groups in both regions (Table 4.2 p<0.05, p<0.01). 
 
 
Figure 0.37: Summary of the mean ID: veins (left column) and arteries (right column) in all 
conditions and both pancreatic regions. *p<0.05, **p<0.01 and ***p<0.001. D=Duodenum, 
S= Splenic. 
Data obtained from two opposite inner edges of the endothelium of each vessel class. No 
significant difference was observed between the duodenal (D) and the splenic (S) pancreas 

























































































































































































































































































































in all conditions. A and B report the means ID of large vessels (veins and arteries respectively, 
85-100μm vs 35-50μm), C and D, medium vessels (55-70 vs 25-35μm), E and F, small vessels 
(40-55 vs 15-25μm), and G and H for venules and arterioles (25-40 vs 10-25µm). All data are 






Table 0.2: Mean vessel thickness in all conditions in both pancreatic regions 
 
All data are expressed as mean ± SEM. * p<0.05 ** p<0.01 
D= duodenum, S= splenic, L.V.= large vessel, M.V.=medium vessel, S.V.= small vessel 
 
 
NC C-SSC C-HFD / SSC RAC / STZ HFD / STZ 
 
D S D S D S D S D S 
L.V. (>90µm) 11.04±2.5 10.96±3 11.02±0.9 11.1±21 15.69±2.6** 14.9±1.9** 8.30±0.9* 8.1±0.92* 12.1±2.5 11.91±1.9 
M.V. (90-40µm) 9.01±0.8 9.1±1.4 10.01±1.8 9.54±1.4 12.6±1.5* 11.93±2 * 6.04±0.5* 6.28±0.5* 7.66±0.9 9.9±0.835 
S.V. (<30µm) 6±0.4 5.44±0.6 5.1.1±0.7 6.39±0.9 8.07±1.9** 8.6.33±1.8** 2.9±0.3* 3.9±0.9* 4.27±0.8 5.3±0.8 
Arteriole 4±0.5 3.9±0.9 4.2±0.8 3.5±0.7 5.5±1 6.1±0.9* 2.5±05* 2.2±0.8* 3.05±0.7 2.9±0.9 
Venule 2.4±0.2 2.6±0.3 2.8±0.4 3.2±0.6 4.32±0.6** 4.4±0.8** 2.1±0.9 2.5±0.04 2.8±0.5 3.2±0.5 
 
 





4.4.2.2 Numerical density of the pancreatic blood vessels 
We used the numerical density (ND) to validate the occurrence of any form of difference in the 
number of blood vessels in the pancreatic tissue under the effect of hyperglycaemia, and 
between duodenal and splenic regions in each condition. Blood vessels per unit area of thin 
pancreatic sections were counted under the microscope and the total number recorded. Ten 
different fields representing a total surface area of 4mm2 were considered as the unit area.  
No significant difference was observed between the mean total numbers of blood vessels in 
all conditions for both pancreatic regions (Figure 4.38). However, the splenic section from HFD 
/ STZ group had the highest number of blood vessels per unit area (39.66±0.42/unit area) 
followed by that of the C-HFD / SSC group (37.32±1.5/unit area). The number of small vessel 
size, arterioles and venules accounted for these slight differences (Table 4.3). On the other 
hand, while the duodenal sections always accounted for a higher number of large vessels, 
splenic pancreatic sections showed a higher number of medium size, small vessel size, 
arterioles and venules per unit area in most conditions. A significant difference in the number 
of these small vessels was recorded between the NC group and all the HFD groups (C-HFD / 
SSC, p=0.033 and HFD / STZ, p=0.02). There was no significant difference in the distribution 
of vessel size per unit area in duodenal and splenic regions between NC and the other groups 
(C-SSC and RAC / STZ) for all categories of vessels (Table 4.3). Note that in the two 
pancreatic regions, different categories of blood vessels were unevenly distributed in all 
conditions with larger vessels more present in the duodenal portion. 
  
Figure 0.38: Mean total number of blood vessels in all conditions. D=Duodenum, S= Splenic. 
 
No significant difference was observed between groups and between the pancreatic regions 






Table 0.3: Distribution of vessel size per unit area in the duodenal and splenic regions. 
 
All values are expressed as mean ± SEM * p<0.05 LV=large vessels MV=medium vessels SV=mall vessels. 
 
 
NC C-SSC C-HFD / SSC RAC / STZ HFD / STZ 
 
D S D S D S D S D S 
L.V. 
(>90µm) 
4.16±0.32 3.16±0.29 4.2±0.14 3.04±0.21 4±0.31 3.42±0.26 4.24±0.25 3.44±0.22 4.04±0.35 3.62±0.35 
M.V. (90-
40µm) 
7.64±1.921 8.44±0.32 7.44±2.04 8.52±0.22 7.36±1.85 8.72±0.38 7.44±0.38 9.04±0.32 7.36±0.08 8.96±0.35 
S.V. 
(<30µm) 
23.96±1.57 24.24±2.56 23.97±0.17 24.6±0.89 25.32±0.46 25.24±1.39* 24.72±0.83 24.16±0.63 24.88±0.7 26.76±0.69 





4.4.2.3 Area fraction 
The area fraction (AFr) of the vessels was defined as the percentage area covered by blood 
vessel per unit area of the pancreatic tissue section and was therefore calculated as the sum 
of all the small areas covered by each vessel within a defined ROI. Two values were 
considered: the first AFr was measured from the outer diameter (adventitia) (Figure 4.39A), 
the second from the inner diameter (Figure 4.39B). In the first case, the total duodenal AFr 
per unit area was always but not significantly higher than that of spleen in all conditions (NC: 
25.9±5.36% vs 21.58±4.5%, C-SSC: 23.6±2.5% vs 21.6±5.7%, C-HFD / SSC: 23.2±3.6%  vs 
20.3±5.2 %, RAC / STZ: 29.6±3.3%  vs 26.7±4.2%, HFD / STZ: 24±2.5% vs 21.1±4.4%). In 
the second case, there was no significant difference between the values of the duodenal AFr 
and those of the splenic pancreatic sections. However, in both regions, the RAC / STZ group 
recorded the highest and most significant values (**p<0.01) (20.45±5.2 vs 21.6±4.7) followed 
by the HFD / STZ groups (18.9±3.9 vs 17.9±5.9) compared with NC and C-SSC animals. This 
suggests that at each time point, the volume of blood in a unit volume of the pancreatic tissue 
was not significantly different in the two regions for each condition (Figure 4.40). 
It was also observed that in all cases the mean cross-sectional area of the major vein was 
more than twice that of the artery.  
 
Figure 0.39: Percentage Area Fraction (AFr) of blood vessels on the pancreatic tissue section 
in each condition. *p<0.05. 
In the AFr associated with OD, the two pancreatic regions of the RAC / STZ showed a 
significant difference compared with the NC animals. In the AFr associated with the ID, both 
STZ treated groups had significant differences compared to the NC group. Data reported were 
represented as the mean ± SD Statistical difference versus NC, C-SSC and C-HFD / STZ 
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Figure 0.40: Schematic illustration of the size, distribution and density of vessels (vein or 
artery) per unit area in the duodenal and splenic pancreas in all conditions.  
Large vessels (thick dark lines=large vessels with luminal diameter >90µm) are more 
represented in the duodenal region than in the splenic region. The medium size (less thick 
dark lines = medium-size vessels, 90-40µm), small vessels, arterioles and venules (tiny 
vessels, <30µm) are more represented in the splenic region. However, AFr per unit area 
remains the same in the two pancreatic regions in each condition. Small empty circles 
represent the acini within the pancreatic tissue while the filled ones are the islets receiving 
arterioles. 
4.5.2.4 Perfusion time 
In section 3.3.2.2 of the Materials and Methods (Chapter 3), we reported that the animal 
pancreatic vasculature was filled with a urethane-based resin to produce its duplicate. The 
perfusion time of the resin ranged between 108.3±5.93 and 169.8±8.1 seconds with the C-
HFD / SSC group carrying the highest and significant value (Table 4.4, 169.8±8.1 vs 
NC=123±4.5s p=0.004). Interestingly, under the same pressure, C-HFD / SSC had the 
smallest and most significant resin volume displaced in the syringe (Table 4.4, 14.63±2 vs 
NC=18.86±1.8mL, p=0.009), suggesting that the flow rate of blood in this group was very low 
and therefore more time was needed to fill the vessels. The RAC / STZ group had the fastest 
perfusion time (108.3±5.93 vs 123±4.5±3.2s) with the highest volume of resin displaced 

















The casting medium (resin) was perfused at a pressure of 110mm/Hg using a manual mercury 
manometer connected to a T-piece to the injection line. Data are presented on average ± 
SEM. * p<0.05 and **p<0.01. 
4.5. RESULTS FROM THE NAN- CT SCAN ANALYSIS 
The nano-CT scanner (General Electric V|TomeX L240) was used to generate detailed three-
dimensional (3D) images of the complete replica of the pancreatic vascular network, which 
allowed for morphological and morphometric evaluations. Note that this network represented 
the true picture of the luminal morphological features and the volume of the vascular tree. 
Hence, data obtained in this section were compared only with the luminal features from the 
histological study (ID and AFr evaluation). 
4.5.1 Vascular cast morphological feature 
Morphologically there was no obvious visible difference in the vasculature of the pancreas 
between various groups. However, the C-HFD / SSC group appeared to be larger with a 
denser network (Figure 4.41A) than the cast from other groups (Figure 4.41B, C and D). 
Experimental group Time (Seconds) Volume (mL) 
NC 123±4.5±3.2 18.86±1.8 
C-SSC  126.8±5.6 18.2±2 
C-HFD / SSC 169.8.1±3.7** 14.63±2* 
RAD / STZ 108.5±2.9 ** 22.6±1.01* 
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Figure 0.41: 2D representation of the 3D Nano-CT images of the pancreatic vascular cast of 
rat pancreas in all groups  
A) From the C-HFD/SSC, B) from the NC, C) from the RAC/STZ and the HFD/STZ. The 
images show fine texture mass of the pancreatic blood vessels (encircle in red) between the 
vascular network of the duodenum ("D") and that of the spleen, "S". Note that images B, C 
and D are mainly cast of the arterial tree, the venous network being represented scantily due 
to some segments that fell off during the manipulation. 
 
All casts showed similar network pattern displaying the major vessels supplying the pancreas 
and the surrounding organs: mainly the splenic artery, branch of the celiac trunk (by following 
in a retrograde direction the splenic artery, the celiac trunk could be identified) and their 
associated veins with a little contribution from superior mesenteric vessels (not shown in 
Figure 4.42). The network of vessels (Figure 42B) was similar to the pattern seen in human 
(Figure 4.42 A). It started on the right as that providing blood to the C-shaped portion of the 
duodenum surrounding the head (duodenal portion) of the pancreas to that supplying the 






The main vessel supplying the pancreas is the splenic branch of the celiac trunk. The vessel 
runs almost the entire length of the pancreatic portion of the cast, an area occupied by the 
neck (on the right), body and tail (on the left) (Figure 4.42C). In its course, it gives out a 
collateral branch the transverse pancreatic artery. The splenic artery terminates by dividing 
into two main trunks close to the spleen. The vascular cast of the remaining regions of the 
pancreas (head and uncinate process) consisted of branches from the gastroduodenal artery, 
and the branch of the common hepatic artery, the second-largest branch of the celiac trunk. 











By: E. Ngounou 
Figure 0.42: Major vessels supplying the pancreas. Strong similarity between the standard 






A) Major arteries of the human pancreas and surrounding visceral organs B) Nanotomography 
image of the pancreatic vascular cast showing the pattern of distribution of large vessels 
(labelled) supplying the rat pancreas (circled red) and the surrounding visceral organs in the 
C-HFD / SSC group after noise and small vessels have been removed. Representative 
diagram annotated for all the other groups because they were similar in all group as per the 
branching pattern. C) Representation of the dispersed rat pancreatic tissue with the associated 
regions 
 
Elimination of the small vessels from the model by threshold revealed the major vessels of the 
entire pancreas. The celiac trunk and branches were the prominent features of the 3-D image. 
Its branches constituted the bulk of the pancreatic arterial network with little contribution from 
the superior mesenteric artery. Terminal branches of the splenic artery penetrate the hilum of 
the spleen. All arteries were accompanied by their corresponding veins. 
At all levels of the vascular tree, arteries were accompanied by their homologous veins in a 
very organized manner (Figure 4.43A); veins always had at least twice the diameter of the 
arteries (Figure 4.43B). 
 
 
By: E. Ngounou 
Figure 0.43: Visualisation of the nanotomography image by surface rendering showing 
arteries and veins running strictly parallel to each other. 
A) A section of the C-HFD / SSC and B) A segment of the splenic artery and its homologous 





It was observed without any morphometric evaluation that the pancreatic vascular network of 
the duodenal region showed many more large vessels than the splenic one under all 
conditions. There were more medium and small vessels in the splenic network confirming 
results obtained from the histological studies. At this level, no obvious differences were 
observed between groups and hence morphometric analysis was considered for details 
morphology. 
4.5.2 Geometry of the pancreatic vasculature 
The qualitative differences mentioned above in the macroscopic and microscopic arrangement 
of the vascular cast architecture were analyzed morphometrically. In this study, morphometric 
differences of the parameters describing the vascular network were obtained using ImageJ 
and VGStudioMax 3®. The vessel density, vessels lengths per unit volume, vessel diameter, 
number of segments, number of nodes, inter-branch distances and branch angles were 
assessed. Results were then used to deduce the possible quantitative data of the islet 
microvasculature using hemodynamic laws. 
4.5.2.1 Vascular density of the cast 
The Vascular density (VD) was expressed simply as a ratio of voxels determined to be inside 
the vessel cast divided by the total number of voxels in the cuboid domain (Figure 4.44). This 
parameter could be compared which the area fraction in the histological sections but not the 
number of cell per unit area. 
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Figure 0.44: Visual representation of the vascular cast. 
(A) volume in votex in a cuboid domain (B) and raw data sheet obtained from this evaluation 
from which the mean ratio was calculated. (C).  
 
The mean vascular density (VD) obtained from the 3D image in both regions for each group 





both the duodenal (Figure 4.45A) and splenic (Figure 4.45B) pancreatic regions (0.297±0.016 
vs 0.307±0.029 for NC, 0.295±0.020 vs 0.298±0.026 for C-SSC, 0.221±0.018 vs 0.2±0.02 for 
the C-HFD / SSC, 0.336±0.020 vs 0.337±0.025 for RAC / STZ and 0.307±0.020 vs 
0.317±0.023). However, results varied considerably between groups with the significance 
differences recorded only in the splenic regions: NC vs RAC / STZ, p =0.006, C-SSC vs C-
HFD / STZ p=0.045 and RAC / STZ vs HFD / STZ, p=0.00003 (Figure 4.45B). 
  
 
Figure 0.45: Box and whisker plots of the vascular density. 
The vascular density of all groups in the (A) duodenal and (B) splenic regions of the pancreas. 
(NC vs C-HFD / SSC, **p<0.01 RAC / STZ vs HFD / STZ, *** p<0.001). Data expressed as 
mean ± SEM. 
 
The evaluation of the relationship between the AFr of the pancreatic vasculature obtained from 
the histological slide and the VD from the corrosion cast is shown in the scatter plot (Figure 
4.46) below. The curve graph indicates that there is a moderately strong positive linear 
relationship between the two variables, which is supported by the correlation coefficient 






Figure 0.46: Schematic representation of the relationship between the area fractions (AFr) 
obtained from the ID of vessels from the histological section and the vessel density of the 
corrosion cast study.  
 
4.5.2.2 Vessels length density 
Expressed as the vessel length within a reference volume, the average vessel length density 
(Table 4.5) was smaller in the duodenal cast as compared to the splenic in all conditions. The 
venous portion, which was more tortuous, accounted for this difference. The value ranged 
between 2975±124.3µm/mm3 of the RAC / STZ to 3708±93.5µm/mm3 of the C-HFD / SSC 
animals. 
 
Table 0.5. Mean vessel length density of the duodenum (D) and the splenic vascular per unit 
volume of the cast in each condition and each pancreatic region 
 NC C-SSC C-HFD / SSC RAC / STZ HFD / STZ 
D 3005±83.2 3108.5±78.2 3506.5±125** 3225±96.2 3458±104.6* 
S 3205±103.2 3096.4±100.6 3708±104.6** 3356±125.6 3504.2±85.6- 
 
P<0.05, **p<0.01, *** p<0.001. D=Duodenum, S=Splenic 
4.5.2.3 Vessel diameter 
The diameters of the gastroduodenal and the left gastric artery and vein and their branches 
were determined for the duodenal region. The diameter of the splenic artery and vein and 
branches were determined for the splenic region. Measurements of parent and branch vessel 
diameters were made at least at 100 other branch-points for each of the pancreatic vessels in 





that of the artery (at least twice). The major veins had the same as many inflowing tributaries 
as the major artery had branches. Figure 4.47 shows the distribution of the number of vessel 
segments and their diameter. More vessels (arterial and venous) were recorded in the smallest 
diameter group. The number of vessel segments gradually decreased from the smallest to the 
largest diameter ranges in both regions of the pancreas. Fewer segments were found in the 
8–30µm diameter range in the venous, compared to the arterial vessels (p=0.03 for vessels 
10-15µm and, p=0.011 for vessels 15-20µm). Within the diameter range 30-110µm, there were 
more segments, but no significant difference in the venous, compared to the arterial casts. 
Larger vessels (70-110 µm) were mainly recorded in duodenal regions of the NC and the C-
SSC control groups. The highest number of the smallest vessels was recorded in the C-SSC 
/ HFD groups in both regions of the pancreas. 
 
 
Figure 0.47: The number of vessel segments in different diameter ranges in the normal 
arterial and venous casts of the pancreas. * p=0.05, **p=0.01. 
4.5.2.4 Inter branching distance 
In order to compare the vessel network pattern between the duodenal and splenic regions and 
between-groups, the interbranching distance (distance between a node and the next one on 
a vessel) was evaluated in for the major vessels of the pancreatic cast. The mean distances 
between nodes were significantly higher (range 15µm to 256.2µm) in the splenic regions in 






































































broadly maintained in all groups for each region. The longest distances were recorded in the 
large-diameter vessels in all conditions. All these results suggest that diabetes and obesity did 
not cause major changes in the pattern of distribution of the vessels within the pancreatic 
tissue. 
4.5.2.5 Branching pattern and angle 
The duodenal pancreatic cast presented a more asymmetrical branching model (69%) on the 
100 randomly selected nodes evaluated compared to the splenic ones (35%). In the duodenal 
regions, the smallest vessel generally deviated from the axis of the parent vessel by at least 
88º (between 88º and 100º), the largest branch tending to continue in the same trajectory 
(Figure 4.48A). In splenic regions, the parent segments generally divide into two almost equal 
diameter branches, each of which takes a different direction from the axis of the parent vessel. 
In addition, few nodes gave more than two branches in the two regions (Figure 4.48B).  
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Figure 0.48: 2D Nano-CT images of the vascular branching pattern and the corresponding 
angles. 
A) A portion of the duodenal and B) splenic pancreatic vascular casts. This pattern was 
observed in all control and diabetic groups. 
 
A summary of the results includes, for example, a significant increase in the mean body weight 
was accompanied by a slight increase in mean BGL within 2 weeks in HFD. Streptozotocin 
caused the development of two diabetic models with all clinical symptoms (polyuria, 
polyphagia, high BGL (> 28mmol/L) and a significant decrease in body mass in both diabetic 
groups (26.68% and 15.54% in RAC / STZ and HFD / STZ respectively). The results of the 
flow cytometry and the Luminex assay validated the presence of islet vascular lesions in 





in the mean percentage of the stained area of CD34 pixels in islets, and thickening of the 
basement membrane. The scaling law was used to obtain the relationships between 1) the 
length and volume of the pancreatic vascular tree up to capillary level (R2=0.693±0.053), 2) 
the diameter of the lumen and the blood flow in each pancreatic vascular branch 






CHAPTER 5: DISCUSSION 
 
This study aimed to establish the morphological and morphometric characteristics of islet 
microvasculature in the duodenal and splenic pancreatic tissues, as well as its modification 
under the insult of hyperglycaemia. We hypothesised that the size, structure, and pattern of 
distribution of the duodenal vessels were different from that of the splenic pancreas, a 
condition that could have affected not only the composition of islet cell types during the intra-
uterine life (Tirziu & Simons 2009; Cleaver & Melton 2003), but also be predisposing factors 
of the duodenal pancreas to diseases such as DM and cancer in some people. Obese, T1DM 
and the T2DM animal models were successfully developed to achieve this aim.  The following 
facts on the pancreatic tissue prompted this work. 
1- The vulnerability of duodenal islets to diseases of the pancreas (Gullo et al., 1994; Hidalgo, 
2010; Xiaojun Wang et al., 2013; Daniel et al., 2015). 
2- Despite the knowledge of a) the regional cell type's difference in the islet, b) the importance 
of blood supply on the function of β cells, c) the effect of high blood sugar on the cardiovascular 
system, and d) finally the regional vulnerability of the duodenal pancreas to diseases such as 
cancer and diabetes, less is known on the pattern, distribution and the structural morphology 
of the islet microvasculature under normal and diabetic conditions. 
Data from the present study has helped define the structural components of the different 
classes of the pancreatic vessels under normal and diabetic conditions. The metabolic 
statuses of the general human population associated with DM were well represented in this 
study grouping. The normal control animals (NC) for the healthy individual, the group exposed 
to HFD throughout the experiment (C-HFD/STZ) for the obese individual, the high dose of STZ 
(50mg/kg BW) treated animals for the T1DM individual and the combined HFD and STZ 
treated animal for the T2DM individuals. In other words, these animal groups were used to 
establish the normal distribution and structure of the pancreatic vessels including the islet 
microvasculature and the alterations of these features in obese and diabetic rats reflected the 
changes caused by hyperglycaemia. 
5.1 DEVELOPMENT OF DIABETES MELLITUS 
The two common types of DM, the T1 and T2DM were successfully induced in the animals in 
this study. While T1DM was induced by a single high dose of STZ, the T2DM was developed 
following a combination of an HFD and a low dose of STZ. The HFD put the animals in a pre-
diabetic state within 14 days while STZ triggered the onset of DM. In addition, both types of 





Similar studies maintained the diabetic state in the animals for even longer  (Ding et al., 2013; 
Yang et al., 2013; Salie et al., 2014). 
5.1.1 The pre-diabetic state: bodyweight and blood glucose level 
In the present study, a pre-diabetic condition was successfully induced in animals to prepare 
them for T2DM induction. The aim was to mimic the pathophysiology of human T2DM. Two 
weeks of HFD exhibited a significant increase in BW and BGL in the HFD group. The profile 
of BW during the period of the experiment varied from one study to the other: while De 
MagalhÃes et al., (2019) did not register any significant increase in the BW within 12 days of 
HFD, the present study and that of Srinivasan and colleagues (2005) registered a significant 
increase in this group.  
The increase in BW found in HFD animals could simply be due to the rich energy food (fats) 
consumption and the deposition of fatty acid in various fat pads in the body (Srinivasan et al., 
2004). Accumulation of fat in the body subsequently led to the reduction of energy expenditure 
compared to control animals (Storlien et al., 1986). Under this condition, the animals gradually 
moved from a healthy to a pre-diabetic state with a mild increase in BGL (Skovsø, 2014) but 
never became diabetic (BGL>6<8mMol/L). In a study by Salie and colleagues (2014) on the 
protective effect of the same diet on the heart against ischemia and reperfusion injury, they 
reported that even after 16 weeks, the animals never became diabetic. 
Similar works used the same diet within the same period to induce insulin resistance with the 
rats showing the characteristics of the metabolic syndrome such as obesity and 
hyperlipidaemia (Reed et al., 2000; Srinivasan et al., 2005). Insulin resistance was confirmed 
by an OGTT which was the easiest way to assess the effective function of insulin (De 
MagalhÃes et al., 2019; Reed et al., 2000; Srinivasan et al., 2005). The composition of the 
HFD used in the study was previously described by Salie, Huisamen & Lochner, (2014). This 
high cholesterol-rich diet (13g / 100g) is not far from the food usually consumed in human 
households and is well established to be used effectively for the induction of insulin resistance 
(Lozano et al., 2016). However, the amount of lipids contained in the diet is not clearly defined: 
10% (Jian-Gang Zhang et al., 2015); 32% (Salie et al., 2014); 45% (Atanasovska et al., 2014); 
58% (Srinivasan et al., 2005); and 60% (De MagalhÃes et al., 2019) making the results 
obtained from these works non-standardised. 
In humans, when trying to compensate for the high insulin demand under the prediabetic 
condition, the secretory capacity of the pancreatic β cells declines, leading to the conversion 
from the pre-diabetic state to a frank hyperglycaemic condition (Reed et al., 2000, Wortham & 
Sander, 2016). In rats, the conversion of animals with insulin resistance to T2DM with the 
presence of insulin in the blood as per that observed in humans was only achieved upon an 





High-fat diet induces insulin resistance by various mechanisms (Srinivasan et al., 2005), the 
key mechanism is the one associated with glucose–fatty-acid cycle (Range et al., 1963). In 
fact, HFD increases the level of triglycerides leading to an increased availability of fatty acid 
for oxidation. The preference of fatty acids in the oxidation mechanism could be due to the 
reduction of the hepatic production of glycogen and the absorption of glucose in the muscular 
tissues, alterations which could ultimately lead to an increase in the production of insulin in 
order to compensate for the increasing demand (Belfiore & Iannello, 1998; Iwanishi & 
Kobayashi, 1993). 
A high-fat diet has also been reported to promote microvascular dysfunction long before 
atherosclerotic lesions in the large vessels due to a high level of cholesterol (Ishikawa et al., 
2004; Koller & Bagi, 2006). Under normal physiological conditions, the role of insulin is to 
regulate glucose homeostasis, by making glucose available to the skeletal muscle and 
adipose tissues, inhibiting the gluconeogenesis in the liver (Petersen et al., 2007) and 
regulating the delivery of nutrients to the target tissues while acting on the microvasculature 
(Muniyappa et al., 2008). In addition, insulin promotes the production of NO from the vascular 
endothelium which then leads to an increase in blood flow through dilatation (Koller & Bagi, 
2006). The increase in blood flow facilitates the absorption of glucose into the tissues (Vincent 
et al., 2004). The insensitivity and the non-responsiveness of tissue to insulin causes the 
reduction in the activity of NO, an increase in oxidative stress, high expression of pro-
inflammatory and pro-thrombotic factors, and abnormal vasoreactivity (Barac et al., 2007).  
5.1.2 Diabetic state 
5.1.2.1 Type one diabetes mellitus 
A single intraperitoneal injection of a high dose of STZ (50 mg/kg) successfully induced T1DM 
in rat chow-fed rats after 4 days. This was justified by a high increase in BGL (20-31mMol/L) 
which was maintained throughout the 60 days of the diabetic period. The increase in BGL was 
due to the destruction of β cells by STZ, the cells producing the insulin hormone. 
Streptozotocin is an antibiotic produced by Streptomyces achromogene and has been 
extensively used to induce diabetes in laboratory animals due to its toxic effects on pancreatic 
β cells (Bolzán & Bianchi, 2002; Eleazu et al., 2013). The action of STZ in the β cell is 
associated with the generation of ROS. In the cytoplasm, ROS cause oxidative damage which 
leads to the destruction of β cells by inducing apoptosis and suppressing the synthesis of 
insulin (Szkudelski, 2001; Jun Zhang et al., 2010). Although the toxic action of STZ on β-cells 
is not yet understood, it is thought to be mediated by the inhibition of free radical scavenger-
enzymes. This, in turn, enhances the production of superoxide, the main leading cause of β 





In addition to high BGL, the T1 diabetic animal model thus developed presented a gradual 
decrease in BW; an increase in the food and water consumption and increase urination over 
time, the characteristic feature of human T1DM. Weight loss is a major characteristic of DM 
and may be due to protein wasting because of lack of carbohydrate for energy (Chen & 
Ianuzzo, 1982). The lack of energy in the body triggers the hunger which causes polyphagia. 
Polyphagia causes an increase BGL which is unfortunately not captured into the various 
glucose-dependent organs because of the absence of insulin. The accumulation of glucose in 
the blood causes its elimination by the kidney through excessive urination. Excessive urination 
leads to dehydration which leads to an increase in water consumption. Many other studies 
have successfully induced T1DM using similar or higher doses (50-70mmg/kg) in as little as 
two days (van Dam et al., 1999; Zarros et al., 2009; Chaudhry et al., 2013; Wang-Fischer & 
Garyantes, 2018). Although the objectives of using STZ in diabetes research is to develop 
diabetic animal models, the use of different dosages of STZ reported in the literature has not 
been justified. More studies are needed to be able to critically analyse the results from different 
investigators.  
In our study and several other research protocols, the diabetogenic action of STZ is thought 
to be improved by fasting the animal overnight prior to injection (Amin et al., 2011; Chaudhry 
et al., 2013; Atanasovska et al., 2014; Skovsø, 2014; Furman, 2015). Fasting animals for at 
least 4 to 12 hours before injecting STZ (Eleazu et al., 2013, Wang-Fischer & Garyantes, 
2018), prevent postprandial glucose from competing with STZ via the high-affinity GLUT2-
transporter in the β cell (Chaudhry et al., 2013). The issue of animal fasting or not fasting is 
very important and must be carefully considered when developing experimental protocols to 
reduce animal discomfort and stress (Chaudhry et al., 2013). 
During the diabetic period, two animals from the RAC / STZ died, the first on day 34 and the 
other on day 43. According to the concept of the survival rate evaluation from previous studies, 
if a mouse or rat died within 5 days of STZ injection, it should be considered as due to the 
acute toxicity of STZ while the animals that died after 10 days of STZ injection should be due 
to the complications from severe hyperglycaemia (Deeds et al., 2011). This implies that the 
death of the two animals in our study was not due to the toxic effect of STZ but more likely 
due to the complications of hyperglycaemia. 
5.1.2.2 Type two diabetes mellitus 
The Type 2 DM is a complex metabolic disease characterized by insulin resistance followed 
by β cell loss while trying to compensate for the insulin demand (Mezza et al., 2019). In the 
present study, a T2DM animal model was successfully developed using the induced 
prediabetic animals and a low dose of STZ (35mg/kg). Previous studies have used different 





al., 2015). It is interesting to note that the low dose of STZ administered to the HFD animal in 
the present study would not normally have caused diabetes in a standard fed animal, perhaps 
just a slight increase in blood glucose level. As mentioned earlier, unlike in humans where 
excessive nutrition is a major cause of T2DM with increased insulin secretion but impaired 
metabolic actions in the liver (Petersen et al., 2007), HFD is said to induce only insulin 
resistance in rats but has never caused diabetes (>15 mMol/L) (Salie et al., 2014). To shift 
from the prediabetic to the diabetic state, a low dose of STZ (35mg/Kg BW) must be 
administered to the animals. Hence in this study, the low dose of STZ was able to induce 
diabetes to HFD animals. This may be because they were already insulin resistant (confirmed 
by OGTT). Consequently, under these conditions, any slight alteration of β cells function 
caused by STZ automatically led the HFD animals into the hyperglycaemic state.  
In summary, because both insulin resistance and β cell malfunction constitute the key 
characteristics of the pathogenesis of human type 2 DM (DeFronzo, 2004), in this study, the 
rat model of HFD treated with STZ (HFD/STZ) was used to establish a nongenetic rat model 
of T2DM. While HFD induces insulin resistance, the low dose of STZ causes mild impairment 
in β cell function (Skovsø, 2014). The following sections discuss the effect of obesity and DM 
on blood and tissues parameters associated with the vascular injury in the body. 
5.2 VASCULAR DAMAGE AND REPAIR ASSOCIATED WITH INSULIN RESISTANCE 
AND HYPERGLYCAEMIA  
In the present study, the vascular damage (Navarro-González & Mora-Fernández, 2008; Aziz 
et al., 2013) and repair potential of the damage (DiMeglio et al., 2010; Yoder, 2012) were 
assessed using the Magnetic Luminex assay and flow-cytometry respectively while CD34 was 
used as the biomarker for endothelial cells. 
5.2.1 Serum levels of inflammatory cytokines associated with the vascular damage 
In this study, the levels of four cytokines associated with vascular injury (IL-6, TNF-α, TIMP-
1, and VEGF) were successfully evaluated in the blood serum obtained from each group using 
magnetic Luminex assay (Figure 4 7-10). These cell-signalling molecules are involved in the 
normal functions of haematopoiesis, the immune system, metabolism, as well as in the 
pathogenesis of cardiovascular diseases (Qu et al., 2014). For example, they help in the 
mediation of the movement among the immune cells (lymphocytes, macrophages, dendritic 
cells) and other inflammatory cells (Omodanisi et al., 2017). Inflammation is the mechanism 
by which the body responds to injury and is one of the first markers of oxidative stress leading 
to a generation of ROS. The generation of ROS causes the up-regulation of pro-inflammatory 
cytokines reported in the diabetic condition in rats (Azam et al., 2015, Navarro-González & 





indicating that hyperglycaemia may have caused some degree of vascular injury in the animals 
within the 60 diabetes days. Similar studies have also used the level of these cytokines in the 
body to assess vascular damage. Details are discussed below for individual cytokine 
description.  
5.2.1.1 Role of interleukin-6 in endothelial dysfunction 
Our study provided evidence that IL-6 levels increased with DM because the level was 
significantly higher in the RAC/STZ. The HFD/STZ group also had a high but not significant 
increased level of IL-6 which may be due to the protective role of hyperlipidaemia sometime 
observed in cardiovascular ischemia (Salie et al., 2014). This difference may also be because 
the BGL in this group never increased to the level seen in the RAC/STZ group. Consistent 
with this study is the experiment done by Klover et al. (2005) who showed that chronic IL-6 
treatment to the mice immediately impaired sensitivity of the liver to insulin. However, when 
IL-6 was neutralised in diet-induced obese mice, this improved the hepatic insulin 
responsiveness, indicating a direct role of IL-6 in insulin resistance (Duncan et al., 2003; 
Klover et al., 2005). Another study showed the critical role of IL-6 in the vascular dysfunction: 
Wassmann et al. (2004) demonstrated that wild mice treated with exogenous IL-6, had 
endothelial dysfunction in the aorta by up-regulating the angiotensin II type 1 receptor 
(Wassmann et al., 2004). Schrader et al. (2007) on the other hand reported that the deficiency 
of IL-6 prevented the endothelial dysfunction induced in carotid arteries (Schrader et al., 2007). 
Another group of researchers provided evidence that IL-6 is the main contributor to 
endothelium-derived hyperpolarizing factor (EDHF)-mediated coronary endothelial 
dysfunction in T2DM (Jonghae Lee et al., 2017). 
5.2.1.2 Role of tumour necrosis factor-α in the endothelial dysfunction 
Data from the present study showed clearly that TNF was significantly higher in STZ treated 
animals indicating that hyperglycaemia may have led to multiple tissues inflammation 
especially in the vascular system. The tumour necrosis factor-α is known to be implicated in 
diabetes through different biological processes including impairment of insulin secretion and 
induction of endothelial apoptosis and necrosis (Navarro-González & Mora-Fernández, 2008; 
Azam et al., 2015). Similar results were obtained by the study from Gao et al., (2007) who 
reported the pivotal role of the TNF in endothelial dysfunction in T2DM as it was proven that 
antibody neutralization of TNF prevented endothelial dysfunction of the coronary vessels  
Although not clearly defined, there seems to be an interaction between TNF and IL-6 in the 
development of vascular pathology. Turner et al (2007) reported that the stimulation of IL-6 
mRNA expression was achieved through TNF-α receptor I and the p38 mitogen-activated 





5.2.1.3 Role of tissue inhibitor of metalloproteinase 1 in the endothelial dysfunction 
Just like the IL-6 and TNF, the inhibitor of metalloproteinase -1 (TIMP-1) is a marker for 
diabetes and was significantly increased in diabetic animals. This finding is consistent with 
those of (Papazafiropoulou & Tentolouris, 2009; Usmanova, 2015). TIMP-1 is an endogenous 
matrix metallopeptidases inhibitor that might be involved in vascular matrix fibrosis (Tayebjee 
et al., 2003) which has a role in left ventricular hypertrophy and diastolic dysfunction by 
reducing cardiac collagen type I turnover, thereby increasing cardiac mass and stiffness 
(Tayebjee et al., 2003). Increased central and peripheral artery stiffness (Van Bortel et al., 
2001) occurs with diabetes (Schram et al., 2004), and higher TIMP-1 circulating levels 
complete the hypothesis that altered TIMP-1 activities can be related to arterial stiffness. The 
fibrotic area occupying the islet core observed in the diabetic islet may also be associated with 
an increase in TIMP-1 level in the blood. 
5.2.1.4 Vascular endothelial growth factor in endothelial dysfunction 
The vascular endothelial growth factor is known to increase the growth of collateral vessels in 
ischaemia (Bauters et al., 1999) and hence is a potent angiogenic factor that has been 
identified as a primary initiator of proliferative diabetic retinopathy (Aiello & Wong, 2000). 
Although no significant difference was recorded in the present study, insulin resistance (C-
HFD/STZ) and hyperglycaemia (RAC/STZ HFD/STZ) increased the level of serum VEGF. This 
suggests that under the present experimental conditions, some degree of new vessels may 
have been formed in some tissues of the animals. In vivo administration of VEGF improve the 
endothelium-dependent responses in animal models of endothelial dysfunction significantly, 
leading to collateral circulation and the regeneration of the endothelium (Bauters et al., 1999). 
While the mechanisms underlying this universal role of VEGF are still to be determined, these 
results are not yet sufficient to use such factors as a new therapeutic strategy in patients with 
vascular diseases (Bauters et al., 1999). 
There is evidence that VEGF-A plays a major role in vascular wall remodelling (Makurina, 
2016; Nemtsova et al., 2019). It is believed that VEGF can serve as an early indicator in serum 
for the development of endothelial dysfunction even when active intravascular inflammation 
has not yet been detected (Cubbon et al., 2009). Although VEGF-A is an important bioactive 
substance involved in the development of vascular pathologies in DM, the present data 
available showed that its level in DM and associated complications are controversial: Some 
studies describe both the increase and the decrease in VEGF-A levels in DM. Vural et al 
(2017) successfully used VEGF-A as a potential treatment of limb ischaemia in DM (He et al., 
2016; Vural et al., 2017), while inhibition of the production of VEGF-A by anti-VEGF biologics 





In conclusion, although the level of these biomarkers do not specifically indicate whether 
pancreatic vascular dysfunction has occurred as a result of prolonging insulin resistance and 
high BGL, these tests validate the severity of these parameters on the vascular system in 
general. 
5.2.2 Impact of insulin resistance and hyperglycaemia on the mechanism of vascular 
repair 
Endothelial progenitor cells (EPCs) play a major role in the repair of endothelial surfaces after 
injury (Cha et al., 2004). Under all circumstances, a reduced number of EPCs is associated 
with endothelial dysfunction, suggesting that endothelial lesions in the absence of sufficient 
repair by circulating endothelial progenitor cells (CEPCs) promote the progression of vascular 
disorders. 
The present study showed that animals with insulin resistance (C-HFD/STZ) and high BGL 
had a decreased level of CEPCs in the blood circulation. These results are similar to the 
studies done by (Ling et al., 2012, Wei Zhang & Yan, 2013) performed on STZ induced diabetic 
rats in which CEPC levels significantly reduced. Additionally, Fadini et al. (2006) reported a 
relationship between the severity of diabetic peripheral arterial disease and reduced CEPC 
levels, while suggesting that CEPC could be used as a novel biomarker for peripheral 
atherosclerosis in DM e.g. low CEPCs counts predicts future cardiovascular pathologies (Sibal 
et al., 2009) and reduced vascular endothelial function in T2DM (Liao et al., 2010). 
Furthermore, Chen et al. (2007) reported that hyperglycaemia inhibits the mobilisation of 
CEPC from the bone marrow, which may justify again the reduced CEPC levels recorded in 
our study. These findings are contrary to our previous study which showed an increase but 
not significant of CEPC levels in STZ treated rat (TIDM), justified as due to small sample size 
(Tchokonte-Nana et al., 2017). 
West et al. (2015) showed a relationship between CEPC and TNF-α. Furthermore, 
cardiovascular research showed that the reduction of CEPC in diabetes is due to the 
myelosuppressive effect of TNF-α as 3 months after the administration of the TNF-α inhibitory 
drug to a patient with rheumatoid arthritis, a significant rise in  CEPCs was recorded (Spinelli 
et al., 2013).  
Additionally, in the present study, the alterations of vascular repair in STZ treated animals 
reflected the poor expression of CD34 cells on the pancreatic tissue sections compared to the 
healthy animals (NC, C-SSC groups). 
Studies have shown that the number of CEPCs varies considerably with age with higher 
values in the T1DM children (<20 years) compared to T1DM adults (>20 years) (Loomans et 
al., 2004; Sibal et al., 2009; DiMeglio et al., 2010; Palombo et al., 2011,). Interestingly, this 





and correlated with impairment in endothelial repair and onset of vascular damage in the adult 
(Williamson et al., 2012). The animals used in the present study were of the same age group 
and the age-related factor could not be responsible for any difference in the number of CEPCs 
between the experimental groups. The differences in the number of CEPCs recorded rather 
reflected the effect of insulin resistance or hyperglycaemia on the vascular repair system. 
This condition could have contributed greatly to the vascular morphological changes observed 
on the histological sections of obese and diabetic animal models. Cubbon et al. (2009) 
reported that an effective mechanism of endogenous vascular repair delays the development 
of vascular diseases (Cubbon et al., 2009). However several investigations have shown that 
the physiological maintenance of vascular repair is impaired by insulin-resistance due to 
abnormal cellular insulin signalling at the level of vascular cells (Kahn et al., 2011; Aziz et al., 
2013; Sengupta et al., 2014; Kuschnerus et al., 2015). 
5.2.3 Impact of insulin resistance and hyperglycaemia on the expression of CD34 in 
the islet 
Endothelial cells (EC) of the blood vessels are adapted to the functional needs of the tissues 
to which they supply and therefore constitute a heterogeneous group of cells (Mattsson 2004). 
In addition, ECs differ functionally between large and small blood vessels, as well as between 
different organs and species (Kuzu et al., 1992). The heterogeneous nature of ECs makes it 
very difficult to find markers which are specific to all ECs (Mattsson, 2004). It was interesting 
to observe in this study that, the CD34 marker used to express endothelial cells was greater 
in the islet core than in the mantle in both pancreatic regions which makes the ECs 
heterogeneity to be applied even between a different region of the same organ (Simionescu 
et al., 1981; Ghitescu & Robert, 2002). There are two possible explanations for the different 
islet CD34 regional expression. First, the fact that in rodents, β cells are more clustered in the 
islet core than in the mantle and represent the most metabolically active cells in the islet, they 
need more blood supply than the other islet cells and hence more network of blood vessels. 
This is the reason for a higher expression CD34 in the islet core. Secondarily, the active 
metabolic β cells in the core may have influenced the nature of the surrounding ECs. In other 
words, the distribution (among) of blood vessels serving a unit area between the core and the 
mantle may be the same but the immunostaining density of the CD34 differs between the two 
regions. 
If the first explanation for these CD34 expression regional differences is true, then the 
assumption is that blood capillaries in the islet are organised in such a way that a maximum 
exchange of material between islet cells and blood in the core is performed. And this can only 
be effective if the incoming blood into the islet flows first to the core and then to the mantle as 





Furthermore, the present study confirms that the distribution of ECs in the islet was not the 
same in different experimental groups: CD34 was significantly higher expressed in the islet of 
the healthy (NC and C-SSC groups) animals of both pancreatic regions compared to the 
diabetic groups (RAC/STZ and HFD/STZ). Our previous study (Tchokonte-Nana et al., 2017) 
on the level of CD34 expression in healthy and STZ induced diabetic animals reported the 
same findings. Under the study condition could STZ on its own be harmful to the ECs? 
Although this was not tested, the answer should be: no. Because evidence from the study of 
Zhang & Lv (2016) on the diabetic patients with diabetic foot ulcer also showed that CD34 was 
highly expressed in the tissue receiving local insulin treatment compared to the non-treated 
individuals.  Many other works in the literature (Altabas, 2015; Lozano et al., 2016), report that 
it is clear that high BGL should be the sole cause of vascular endothelial dysfunction. 
Lastly, the high distribution but less dense expression of CD34 of ECs in the sections from the 
obese individual (C-HFD / SSC) seemed to reflect an increase in the new but immature blood 
vessels circulating in the islets. Maybe if the experimental period were extended for more 
weeks, new blood vessels could have become more mature and functional. 
In conclusion, the distribution of ECs in the islet perhaps reflected the relationship that exists 
between islet cells' function and the ECs activity and proliferation. Rodents have a higher 
percentage of β cells (80%) which are confined within the central portion of the islet while in 
human the distribution is less localised (Cabrera et al., 2006; Kim et al., 2009). This may be 
the reason why rodent islets contain an extensive network of fine and tortuous capillaries in 
the core in contrast to human islets which contain fivefold fewer, but larger vessels, which are 
less tortuous (Hogan & Hull, 2017). 
5.3 IMPACT OF INSULIN RESISTANCE AND HYPERGLYCAEMIA ON THE 
HISTOMORPHOLOGY OF THE PANCREATIC TISSUE 
At the end of the experiment, obesity and hyperglycaemia affected the general 
histomorphology of the pancreatic tissue sections. Three major visibly affected features were 
recorded in the pancreatic tissue: 1) presence of fatty infiltration, 2) the islet histomorphology 
and 3) the vasculature. These items are further clarified in the indicated paragraphs. 
5.3.1  Fatty infiltration in the pancreatic tissue 
Fatty infiltration, particularly around vessels, was the striking feature recorded in the pancreatic 
sections of the C-HFD / SSC and the HFD / STZ animals (obese and T2DM models). Results 
consistent which those of Takahashi et al., 2018 who reported that fatty depositions are 
ectopic adipocytes which infiltrate into the pancreatic tissue mainly in the area between the 





themselves (intralobular fat). It should be noted that in this study, the fatty infiltration was 
maintained in the T2DM model even in the event of chronic hyperglycemia. 
In the clinical settings, these fatty infiltrations are considered as non-alcoholic fatty pancreas 
diseases. Although benign, the condition is known to be a risk factor of insulin resistance, 
diabetes and pancreatic cancer (Lesmana et al., 2018; Takahashi et al., 2018). In our study, 
fatty infiltrations were associated with glucose intolerance which usually results from an 
impaired sensitivity to insulin action. 
5.3.2 Islet 
In addition to fatty infiltration, the second histomorphological changes in the pancreatic tissues 
were the presence of many huge islets in obese animals (C-HFD / SSC) compared to the NC 
group, results consistent with the studies of Hull et al. (2005) and Linnemann et al. (2014). 
The increase in the size of the islets in the obese group should be the consequence of an 
increase in the β cells mass in response to the increase in the demand for insulin to prevent 
diabetes (Dai et al., 2013; Linnemann et al., 2014). Previous studies by Kim et al. (2009) and 
Kilimnik et al. (2012) demonstrated that islet cytoarchitecture is size-dependent whether found 
in human or rodent. In this study, large islets (>∼100 µm in diameter) had non-β cells 
intermingled with β cells. In rodents, large islets of this size are only found in conditions such 
as pregnancy, obesity, diabetes and inflammation accompanied by increased blood flow 
(Homo-Delarche et al., 2006) while in humans, smaller islets had the conventional rodent β 
cells core surrounded by the non-β cell mantle.  
The present study has shown that the increase in β cell mass is accompanied by a gain in BW 
similar to Hull et al. (2005). Their work showed that, in addition to BW gain, the increase in β 
cells mass is also correlated with the degree of insulin resistance but not with the increase in 
insulin secretion. This may be due to impaired vascular function. Note that although the 
expression of CD34 in the pancreatic section from the obese group was poor in our study, it 
was highly distributed. Increase in β cell mass may have triggered the formation of new blood 
vessels to ensure a better supply of oxygen and nutrients to proliferative cells (Dai et al., 2013). 
The reason why there was an increasing level of VEGF in our study, is a response to tissue 
hypoxia. However, these vessels were not functionally adapted to facilitate the normal 
secretion of insulin in the blood. The impaired insulin secretion as reported by Hull et al. (2005) 
in such conditions could also be associated with the new cytoarchitectural arrangement of the 
islet to adapt to obesity: that is converting the conventional rodent β cells core and non-β cell 
mantle to an intermingled β cell and non-β cell human islet-like (Xiaojun et al., 2013). 
In humans, as time goes by and the condition persists, one can generate the hypothesis that 
the obesity milieu does not favour the formation of functional ECs (may be due to the absence 





maybe haemorrhage. While tissue ischemia may lead to β cells necrosis, haemorrhage may 
expose β cell to immune destruction (macrophages) leading to the onset of DM. However, 
increased proliferation of local macrophages is reported to cause β cell dysfunction (Ying et 
al., 2020) but not haemorrhage as hypothesised. Regardless of how β cells become damaged, 
it remains to be understood how these events do not cause DM in non-genetically obese 
rodents and other primates. The understanding of how rodents deal with obesity without the 
onset of T2DM may shed light on the disease pathophysiology and treatment. The duodenal 
pancreas appears to be more vulnerable to these conditions, perhaps because it receives 
blood from a higher pressure source. All these analyses are contrary to the study of Dai (2013) 
reporting that the adaptation of the islet microvasculature to insulin resistance is done by 
dilation but not angiogenesis. All the animal strains used in the study of Dai (2013) were 
genetically modified and that may have contributed to these differences in the results. In 
addition, the animals were exposed to HFD for up to 20 weeks. A longer time compared to our 
study might have caused more vascular structural changes to occur. 
In contrast, sections from both STZ treated animals showed islets with reduced size in the two 
regions of the pancreatic tissue compared to those of the NC animals. The severe islet 
shrinkage in T1DM model was due to the toxic effect of the high dose of STZ. ( Kumar et al., 
2006; Abunasef et al., 2014; Willcox & Gillespie, 2016; Omodanisi et al., 2017). Willcox & 
Gillespie (2016) reported that T1D becomes clinically evident upon the destruction of up to 
70-80 % of β cell mass, with a marked reduction or absence of insulin. Beta cells represent 
up to 80% of the islet cell mass (Cabrera et al., 2006; Kim et al., 2009) in rodents and therefore 
any slight toxic effect of STZ on the islet β cells causes a noticeable reduction of the total size 
and volume of the islet. On the other hand, there was a mild shrinkage of the islets in HFD / 
STZ (T2DM model) surely due to a moderate loss of β cells mimicking, therefore, the human 
T2DM characterised with hyperglycaemia and presence of insulin in the blood (Mezza et al., 
2019).  
The substantial increase in the BGL, BW, food and water intake which confirmed the failure of 
pancreatic β-cell function (Ding et al., 2013). The absence of β cells led to the absence of 
insulin which then caused DM. A condition in agreement with the studies demonstrated by 
many other investigators who used different single high doses of STZ (50 mg/kg (Gajdosik et 
al., 1999;  Ayepola et al., 2013; Wang-Fischer & Garyantes, 2018), 60 mg/kg (Gajdosik et al., 
1999; Akbarzadeh et al., 2007; Amin et al., 2011; Abunasef et al., 2014;) and 65 mg/kg 
(Menger et al., 1992; Wang-Fischer & Garyantes, 2018) to destroy pancreatic β-cells in rats 
followed by a subsequent reduction of insulin secretion. In addition, polyphagia and polyuria 






In addition to β cell loss leading to islet shrinkage, other features of the effects of STZ-induced 
diabetes on the pancreas tissue sections were recorded such as oedema (Wang et al., 2015), 
fibrosis of the islet core (Zechner et al., 2014) and lymphocyte infiltration (Pechhold et al., 
2001). Oedema and lymphocyte infiltrations perhaps occur as a result of small blood vessels 
damage in the pancreatic tissue similar to what has been reported in retinopathy (Stitt et al., 
2016). In the eye, hyperglycaemia causes the damage of the ECs lining the capillaries, 
responsible for maintaining the blood-retinal barrier. Consequently, there is an increase in the 
vascular permeability leading to the accumulation of extracellular fluid in the macula (Yu et al., 
2016, Duh et al., 2017). On the other hand, although the cause of fibrosis in the islet is unclear, 
it is believed to be due to the loss of β cells and inflammation (Hart et al., 2018) and that the 
vascularisation seems to be the starting point of fibrosis formation in Goto-Kakizaki (GK) rat 
islets (Homo-Delarche et al., 2006). The GK rat is a substrain Wistar rat that is polygenic non-
obese and develops adult onset T2DM early in life. 
Note that even with a very high BGL, unlike in the T1DM model, all the above-mentioned data 
were moderate in T2DM. Consequently, the histomorphology of the pancreatic tissue in this 
group still maintained a high amount of fatty infiltration in the islet and the perivascular space 
in both pancreatic regions. This may explain why none of the T2D animal models died during 
the period of the experiment. With the assumption that all the above-mentioned effects are 
caused by high BGL, HFD may have had a protective effect on the pancreatic tissue as in the 
heart against ischaemia/reperfusion injury in a study conducted by Salie et al., in 2014. 
In conclusion, under obesity and diabetes, the link between the structures of the pancreas, 
especially in T2Dm models, does not contribute to the best physiological maintenance of the 
integrity of the vascular system. This condition may have impaired the secretion and action of 
insulin leading to DM.  
5.3.3 Pancreatic blood vessels 
The other visible structures affected by obesity and hyperglycaemia were the blood vessels. 
The assessment of the detailed morphological features of the large vessels serving the islet 
microvasculature under the insult of obesity and hyperglycaemia was important in this study. 
Because the islet functions depend on the structural integrity of the pancreas vasculature, 
impairment in the integrity of the large vessels could say a lot about that of the intraislet 
capillaries concomitantly evaluated in this study using CD34 antibody as a biomarker for 
endothelial cells and supported by a BM delineated by the silver stain. Additionally, if the 
pattern of larger peripheral vessels abnormality is established under these conditions, then 
more accessible method such as vascular ultrasonography could be used to predict the 





The vessel size (diameter), structural characteristics of the wall (individual layer thickness) 
and the relationship of the vessels with the surrounding pancreatic tissue were considered for 
this histomorphological evaluation: Firstly, the main vessel types found in most tissues were 
present in the pancreatic tissue: arteries, veins, arterioles, venules and capillaries. In most 
cases, the vessels were presented in doublet: an artery and a vein. Although different in 
thickness, the wall of arteries and veins consisted of three main layers; from outside to inside, 
the tunica adventitia, tunica media and tunica intima. The capillary was mainly made up of a 
layer of endothelium supported by a BM (Gray et al., 1989). In this study, the visual structural 
alteration of the vessels between experimental groups was mainly the thickness of the 
muscularis (tunica media). It was varied not only between the major classes of the vessels but 
also between groups and may justify the remodelling of the vascular wall to sustain the 
physiological requirement in the different experimental conditions. The significant increase in 
the vessels size for example in the obese model was mainly due to the increased thickness of 
the tunica media layer in obese and in T2DM models. However, other studies with similar 
results (Chung et al., 2009; Hamburg et al 2010; Kappus et al., 2014) did not specify which of 
the wall layers brought the difference. In addition, the morphometric analysis confirmed the 
morphological observations. In the T1DM models, the decrease in the thickness of the tunica 
media was associated with all the symptoms of a typical chronic diabetic state. 
In addition, the vascular remodelling was revealed to a certain degree in the large vessels by 
the methenamine silver-stained which delineated the connective tissue surrounding the 
myocytes. In both obesity and diabetes, the connective tissue supported different size range 
of smooth muscle. The resulting overall increased wall thickness was due mainly to a marked 
increase in the size of myocytes but not their number.  
5.4 IMPACT OF INSULIN RESISTANCE AND HYPERGLYCAEMIA ON THE 
PANCREATIC VASCULAR CORROSION CAST  
In recent years, several different methods, such as microtomography (Aughwane et al., 2019) 
and confocal microscopy have been used to generate images of the entire microcirculation in 
a given organ (Blinder et al., 2013). This invited a better understanding of the complex 
interrelationship between organ function and vascular topology. In the present study, the 3D 
images of the entire pancreatic vascular casts were successfully obtained using more recent 
technology, the nano-CT scan.  
These images were then used to obtain quantitative and qualitative data from the entire 
pancreatic vascular system in all experimental groups. This helped to understand the 
similarities and differences not only between the groups but especially between the duodenal 
and the splenic pancreas of the luminal characteristics of the pancreatic vascular system. Note 





the entire real vessels (which includes the vascular wall). To our knowledge, this is the first of 
such a study, as the few studies reported using the nano-CT scan have focused mainly on 
obtaining the qualitative data of the vessels (Chong et al., 1998, Ibukuro, 2001).  
5.4.1 Morphology and large vessel distribution 
Visualisation of the pancreas vascular cast was successfully carried out and the established 
distribution of blood vessels in the duodenal and splenic pancreas up to the level of arterioles 
corresponded to that described by most authors (Ibukuro, 2001, Kulenović & Sarac-
Hadzihalilović, 2010, Dolenšek et al., 2015): the duodenal pancreas being supported by the 
arcade formed by the anterior and posterior pancreaticoduodenal vessels, branches of the 
gastroduodenal vessels while the splenic region is supplied exclusively by the branches of the 
splenic vessels. It was therefore clear that despite the dispersed nature of the anatomy of the 
rat pancreas, the distribution of its vascular tree obtained from the cast was similar to that of 
humans. 
In addition, the pattern of distribution of the large blood vessels of the pancreas was the same 
in all study groups. This suggests that obesity and hyperglycaemia did not cause any visible 
change in the distribution of the vessels at this level of the pancreatic vascular. Therefore, 
whatever consequence of DM and obesity on the distribution of blood vessels in the pancreas, 
it would mainly be due to changes in the distribution of the smallest vessels. Unfortunately, 
the nano-CT scan did not make it possible to visualise the detailed arrangement of the smallest 
vessels (capillary bed, <8µm in diameter) and the data were only collected histologically. 
Junaid et al., (2017) conducted a similar study on the entire placental vascular corrosion cast 
using micro-CT scans and could not visualise vessels beyond the arteriole level. In his case, 
the placental arteriole was as large as the largest vessels in the present study (80µm) which 
may have been seen here because of the use of a higher resolution technique, namely the 
nano-CT scan. Understanding the exact structural component and anatomy of the vessels that 
supply the duodenal and splenic pancreas under the conditions of this study may have 
practical value in the cause, treatment and management of DM. This led to the evaluation of 
morphometric parameters. 
5.4.2 Morphometry 
The following morphometric parameters were evaluated: vascular density, vascular length, 
distances between branches, all indicators of angiogenesis and finally vascular diameter as 
the main indicator of vascular remodelling. Angiogenesis mainly occurs in the smallest vessels 
(capillaries), hence the results obtained in this study reflected the normal characteristics of 
each of the regions for large vessels, but not as a result of an angiogenic process. Note also 





the volume of the blood vessels in a cuboid domain but not as the number of blood vessels in 
the domain. Consequently, the data obtained in this evaluation corresponded to the surface 
fraction obtained in the histological study. 
Examination of the duodenal and splenic regions of the pancreatic cast revealed no significant 
difference between the two regions. However, C-HFD / SSC consistently had the lowest 
values for both regions. This indicates that the volume of blood supplying the entire vascular 
system may be nearly the same in the normal and diabetic animals and both regions.  The 
vascular density in the splenic regions alone significantly varied between one group to the 
other, indicating that blood circulation in the splenic region seems to be more affected by 
obesity and hyperglycemia. These results correlated with those obtained from the histological 
evaluations although they were not significant. Such differences in local blood flow in the same 
organ have been reported in several studies of the brain (Lazorthes et al 1968; Harrison et al., 
2002) and the kidney (Postnov et al 2016). The authors suggested a close coupling between 
metabolic demand of activated neurons and local changes in hemodynamics. One of these 
studies (Harrisson, 2002) reported that in core areas of the auditory cortex, the spatial pattern 
of intrinsic signals related directly not only to the physical position and density of capillary beds 
but also to the distribution of the myogenic valves that control blood flow to these vessels. 
Hence, the significances in the vascular density in the splenic pancreas reveals that the blood 
flow in the splenic region of the pancreas (loaded with a higher percentage of β cells) have 
different blood flow under different experimental conditions and this may be associated with 
the metabolic demand. 
The reduced vascular density observed in the C-HFD / SSC group (obese animal) correlated 
with the study carried out by Dai (2013). In this study, the increase in metabolic demand 
accompanying obesity did not cause an angiogenic process (increase in vascular density) but 
rather caused the dilation of capillaries. However, since the capillaries could not be visualised 
in the current study by the nano-CT scan, that is the level of the vascular tree which is likely 
to undergo the angiogenesis, the results in our study (reduced the density) were not validated 
by this method and hence might be erroneous. 
The length density of the blood vessels was significantly higher in the C-HFD / SSC group with 
no difference in the branching angle and interbranching distance when compared to the control 
group. This suggests that in this group, a small volume of blood supplies the tissue but through 
high tortuous/looping and very long and tiny vessels. Since the vascular cast obtained was a 
duplicate of the luminal volume of the vascular system, the observed long and tiny vessels 
may be due to the reduced inner diameters of the vessel characteristics in the obese subject. 
Reduced vascular diameter leads to increased blood pressure which may, in turn, cause 





capillaries and very vulnerable to increased blood pressure, a condition which may jeopardise 
β cells following ischaemia. 
 
5.4.3 Angioarchitecture of the pancreatic tissue and validation of the form and 
function relationship 
The vascular tree is formed by consecutive branching of blood vessels from a stemmed vessel 
and venous trees by the repeated merging of a blood vessel from smaller vessels (Schreiner 
et al., 1996) In this study, we have shown the potential of a combination of corrosion casting 
and nano-CT imaging to achieve a fuller account of rat pancreatic vascular morphology. We 
achieved resolution of vessels down to ≈10-8 µm (diameter) with a whole cast measuring ~1.8 
to 3 cm in its widest diameter. In the pancreas, vessels at this diameter were reported earlier 
as the terminal arteriole or post-capillary venule level and below this level the capillaries, with 
a mean level of ≈5.27 µm (Henderson & Moss, 1985). Diameters of stem (parent, mother) 
vessels and daughter vessels (branches), the density of vessels, number of nodes, 
interbranching distances and branching angles between mother and daughter vessels finally 
defined the overall 3D structure of the vascular network of the pancreas as well as the basic 
transport capacity of the system. In the present study, the above morphometric parameters 
were evaluated in all groups. A study which to our knowledge has not been done before. 
The histological and corrosion cast study results justified the perfusion rate pattern observed 
in this study. Type one diabetic animal models had the fastest perfusion rate. A similar study 
done by Menger in 1992 showed that microvascular blood perfusion through islet grafts of 
diabetic animals models was higher as compared to normoglycaemic age match controls, and 
this was not on account of an increased capillary density, but on the increased in capillary 
diameter and lower microvascular hindrance. Experimental studies on blood perfusion of 
pancreatic islets in situ have shown an increase of microvascular blood flow as a result of 






CHAPTER 6: CONCLUSION LIMITATION AND RECOMMENDATIONS 
6.1 CONCLUSION  
Results of this study lead to two important conclusions: 
1- There is still a major challenge in the visualisation of the detailed structure of very small-
sized organs such as the islet (in this study, the islet microvasculature) using the nano-CT 
scan. However, in this study, it was important to combine nano-CT scans and histological 
approaches to gain a deeper understanding of the role of vascular topology in the islet 
function. In this regard, our main task was to use the nano-CT scan characteristic of the entire 
vascular corrosion cast of the large pancreatic vessels and histological findings of the islet 
microvasculature to reconstitute the entire pancreatic vascular tree in normal and diabetic 
animals. 
 
2- This investigation provides detailed morphological information on the pancreatic 
vasculature in normal and diabetic Wistar rat models. There were large differences in the 
structure of the pancreatic vascular system between the two regions but also between groups. 
The pancreatic tissue did not escape the principle of form-function relationship confirmed in 
other tissues such as the brain. The heterogeneity of the cytoarchitecture in the pancreatic 
tissue correlated with a heterogeneity of the angioarchitecture. In other words, the complexity 
of the spatial arrangement of the vessels in the duodenal pancreas and islet specifically is 
different from that in the splenic pancreas and islets. The difference should be related to the 
regional specific functions of the pancreatic tissues in response to hemodynamics and 
metabolic stimuli. The vascular topology is optimized to subserve the specific needs of a given 
organ or tissue. This difference in function poses restrictions on the design of the vascular 
system in the specific organs and tissues. Many diseases such as hypertension and DM, affect 
the cardiovascular system, and the associated morbidity and mortality are to a large extent 
related to effects on the vascular system. The effect of such a disease in a given organ is not 
only the result of the disease process itself but also depends on the specific topology of the 
vascular system in the organ (Razavi et al 2018). 
 
6.2 LIMITATIONS AND RECOMMENDATIONS 
The strength of this study lies in the establishment of differences in the pancreatic islet 
microvasculature, between the duodenal and splenic pancreas and how these are altered in 
DM using a combination of nano-CT scan and histological methods. However, there were 





Firstly, although nano-CT allowed for the visualisation of the 3D structure of the vessels up to 
~10 µm in diameter, smaller arterioles, capillaries and post-capillary venules constituting the 
islet microvasculature, could not be seen. Regarding the reconstruction of the pancreatic 
vascular tree, these missing data were managed through the histological technique. In 
addition, due to these missing data, the pattern of islet microvasculature reported justifying 
the paracrine function of the gland could not be revealed. It was therefore not possible to 
determine the distribution of branching angles and the distance between branches in the islet 
microvasculature network reported to be tenfold more vascularised than that of the exocrine 
tissue.  
Secondly, with the use of ImageJ and VGStudioMax 3® software, the duodenal and spleen 
networks of the detailed vascular structure (diameter, branch angles, area fraction) could not 
be examined instantly. Instead, a return on investment was taken into account for the 
measurement one after the other and during this process, the parameters had to be adjusted 
from time to time and could cause bias. 
Thirdly, although histological technique and morphometric and hemodynamic data of the large 
pancreatic vascular cast were used to deduce the islet microvasculature using a computational 
algorithm, the parity between units of measurement obtained from the 3D cast (µm, µm2 and 
µm3) and those obtained from the histological sections (pixel) remain questionable. 
Fourthly the scaling law used in this study for the reconstitution of the pancreatic vascular tree 
was designed for normal tissue and the abnormality that may have caused DM may not have 
been expressed effectively. 
Lastly, although the animal group studied were relatively tightly defined and statistical 
differences were observed, more useful information could be obtained if groups of different 
stages in the disease process were included in the study. Further experiments with a more 
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Individual animal record Sheet (Group name) 
Study: Hyperglycaemia and its implication in the pancreatic islet microvasculature in 
diabetic rat models 
Group:______ Animal’s Identity: 1 
Cage:_______ 
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Start of the experiment (introduction of dietary regimen / initial oral glucose tolerance test) 
0      
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Final oral glucose tolerance tests followed by IP STZ injection 
50mg/kg BW (RAC/STZ group) and Sodium citrate (control) for 
C SSC and C-HFD/SSC groups and 35mg/kg BW (HFD/STZ 
group)  
19 Diabetic day 1 
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APPENDIX 2: MATERIALS AND METHODS- ANIMAL MONITORING SHEET- NAME OF 
THE GROUP (CAGE NUMBER) 
 
Date 





 Before After Before After   
1      Y  /  N  Y  /  N  
2      Y  /  N  Y  /  N  
3      Y  /  N  Y  /  N  
4     - Y  /  N  Y  /  N  
5     - Y  /  N  Y  /  N  
6      Y  /  N  Y  /  N  
7      Y  /  N  Y  /  N  
8      Y  /  N  Y  /  N  
9      Y  /  N  Y  /  N  
10      Y  /  N  Y  /  N  
11      Y  /  N  Y  /  N  
12      Y  /  N  Y  /  N  
13      Y  /  N  Y  /  N  
14      Y  /  N  Y  /  N  
15      Y  /  N  Y  /  N  
16      Y  /  N  Y  /  N  
17      Y  /  N  Y  /  N  
18      Y  /  N  Y  /  N  
19      Y  /  N  Y  /  N  
20      Y  /  N  Y  /  N  
21      Y  /  N  Y  /  N  
22      Y  /  N  Y  /  N  
23     - Y  /  N  Y  /  N  
24      Y  /  N  Y  /  N  
25      Y  /  N  Y  /  N  
26      Y  /  N  Y  /  N  
27      Y  /  N  Y  /  N  
28      Y  /  N  Y  /  N  
29      Y  /  N  Y  /  N  
30      Y  /  N  Y  /  N  
31      Y  /  N  Y  /  N  
32      Y  /  N  Y  /  N  





APPENDIX 3: MATERIALS AND METHODS-RECORDS OF BODY WEIGHT AND BLOOD 
GLUCOSE LEVEL 
a. Materials:  
1. Wistar rat 
2. Blood glucose meter (ACCU-CHEK Aviva) for glucose quantification 
3. GlucoPlus Glucose Test Strip (GlucoPlus, Montreal, CA) 
4. Sterile lancet  
5. Electric scale  
6. 70% alcohol 
7. Hand gloves 
8. Plastic bowl 
 
b. Methods: Blood glucose test  
1. The plastic bowl was placed on the scale and tare to 0g. The plastic bowl was used to 
help hold the animal on the scale and keep the scale clean. 
2. Each animal was then placed into the plastic bowl and the weight displayed on the scale 
screen recorded. 
3. With the animal in the same position, the tip of the tail was cleaned with 70% alcohol 
and rubbed for better circulation. 
4. The tip of the animal’s tail was pricked with a sterile lancet to collect a small blood 
sample.  
5. The glucose test strip already inserted into the glucometer collected the small drop of 
blood.  
6. The Glucoplus Meter quantified the level of blood glucose and displayed the result on 
the screen.  





APPENDIX 4 NUTRIENT CONTENT OF STANDARD RAT CHOW AND HFD  






















34.6 17.1 4.8 0.9 2.2 5.3 1272 





APPENDIX 5: ORAL GLUCOSE TOLERANCE TEST 
a Materials 
1. D-glucose (AnalaR, chemicals Ltd, BDH, poole England) 
2. Distilled water 
3. Glass bottle  
4. A bulb tipped gastric gavage needle 
5. Timer 
6. Blood glucose meter (ACCU-CHEK Aviva) 
 
b Methods 
1. A 30% D-glucose was prepared and stored in a glass bottle by adding 30g of D-glucose 
to 100ml of distilled water. 
2. Each animal was weighed and the amount of D-glucose calculated. The bulb tipped 
plastic gavage needle was used to collect the appropriate amount of solution before 
being inserted to the stomach via the mouth and the oesophagus. The solution was 
then discharged slowly so as not to cause a pressure-induced “dumping syndrome”.  
3. Blood collection and glucose level were quantified by tail bleed at the following time 
point 0, 3, 5, 10, 20, 30, 90 and 120min using a Blood glucose meter (ACCU-CHEK 






APPENDIX 6: MATERIALS- DIABETES INDUCTION  
a Materials 
1. Streptozotocin (STZ) (Sigma-Aldrich, Missouri, USA) (always stored at -20 ͦC 
2. Sodium citrate buffer, pH 4.5, 10 mM (Kimix Chemicals, Cape Town, RSA)  
3. Syringe  
4. Aluminium foil 
5. Eppendorf tube 
6. Needles, 27 G, BD Microlance 3 (Beckman Dickinson SA, Gauteng, RSA)  
 
b Methods: Intraperitoneal injection 
1. An appropriate amount of STZ was weighed so that the final concentration of the 
solution is 10% and stored in the Eppendorf tube and cover with the aluminium foil 
(STZ is light sensitive). 
2. The appropriate volume of sodium citrate buffer was added to the content of the 
Eppendorf tube and mixed well just prior to the injection (Drug degenerate within 15-
20minute in solution).  
3. Base on individual animal weight, a specific volume of STZ solution was now drawn 






APPENDIX 7: MATERIALS AND METHODS- BLOOD SAMPLE COLLECTION, SERUM 
SEPARATION AND STORAGE 
a Materials: 
1. Syringe 5ml (Neomedic Pty Ltd., Durban, RSA)  
2. 25 G needle (Neomedic Pty Ltd., Durban, RSA)  
3. 4 ml serum separator tube (SST) (Greiner Bio-one, Kremsmunster, Austria)  
4. Micropipette  
5. Centrifuge  
6. Cryovials, 1.5 ml  
7. -80°C Freezer  
8. Styrofoam racks  
 
b Methods: Sample collection and storage 
1. Collect blood sample from the jugular vein 
2. Blood sample was allowed to clot for 30 minutes at room temperature 
3. Blood sample was then taken for centrifugation for 15 minutes at 1000 x g 
4. Serum lying on the blood clot in the tube was pipetted and aliquot store at -80°C till 
further use. 
 
c Method Sample and reagent preparation 
1. Reagents were all brought to room temperature before use. All standards were 
assayed in duplicate. 
2. All reagents, standards, and samples were prepared as directed by the manufacturer. 
3. 100µL Serum samples were diluted with the diluent provided by the manufacturer 
4. The diluted microparticle cocktail was resuspended by inversion or vortexing before 
added 50μL of the  
5. microparticle cocktail to each well of the microplate 
6. 50 μL of standard or sample* was added per well (Securely cover with a foil plate 
sealer) and incubated for 2 hours at room temperature on a horizontal orbital 
microplate shaker (0.12” orbit) set at 800 ± 50 rpm).  
7. A magnetic device was used designed to accommodate a microplate, washed by 
applying the magnet to the bottom of the microplate and allowed 1 minute before 
removing the liquid, filling each well with Wash Buffer (100 μL) and allow 1 minute 
before removing the liquid again. Removal of liquid is essential for good performance. 





8. 50 μL of diluted Biotin Antibody Cocktail was added to each well and securely covered 
with a foil plate sealer and incubated for 1 hour at room temperature on the shaker set 
at 800 ± 50 rpm. The wash was repeated 3 times as in step 4. 
9.  25 μL of diluted Streptavidin-PE was added to each well and was securely cover with 
a foil plate sealer and incubated for 30 minutes at room temperature on the shaker set 
at 800 ± 50 rpm. The wash was repeated 3 times as in step 4. 
10. The microparticles were resuspended by adding 80 μL of Wash Buffer to each well 
and Incubate for  
11. 2 minutes on the shaker set at 800 ± 50 rpm. 
12. Luminex or Bio-Rad analyser was used to read the microparticles within 90 minutes. 
13. The Standard concentrations on the Certificate of Analysis were used to calculate 3-
fold dilutions for the remaining levels.  The duplicate readings were averaged for each 
standard and sample and subtracted from the average blank Median Fluorescence 
Intensity (MFI). 
14. A standard curve was created for each analyte by reducing the data using computer 






APPENDIX 8: MATERIALS AND METHODS- BLOOD SAMPLE COLLECTION AND 
PREPARATION FOR CRYOPRESERVATION 
a Materials: Blood sample collection and cryopreservation 
1. Syringe 5ml (Neomedic Pty Ltd., Durban, RSA)  
2. 25 G needle (Neomedic Pty Ltd., Durban, RSA)  
3. 4 ml Lithium Heparin blood tubes (Greiner Bio-one, Kremsmunster, Austria)  
4. Micropipette  
5. Centrifuge  
6. Cryovials, 1.5 ml  
7. -80°C Freezer  
8. Liquid Nitrogen storage container  
9. Phosphate-buffered saline (PBS)  
10. Fetal bovine serum (FBS)  
11. 15 ml centrifuge tubes  
12. Ficoll-Paque Plus (density medium) (Pharmacia, New Jersey, USA)  
13. Basal Medium Eagle Modification (DMEM)  
14. Dimethyl sulfoxide (DMSO)  
15. Styrofoam racks  
 
b Methods: PBMC isolation  
1. Dilute blood sample 1:1 with PBS and 5% FBS  
2. 3 ml blood + 2.85 ml PBS + 0.15ml FBS  
3. Pipette 3 ml density medium into 15 ml centrifuge tubes  
4. Pipette diluted blood over density medium  
5. Centrifuge at 400xg for 30 minutes  
6. After centrifugation aspirate plasma layer  
7. Carefully remove PBMC layer with micropipette and place in 15ml centrifuge tube  
8. Fill tube with 10ml DMEM  
9. Centrifuge at 250xg for 20 minutes.  
10. Aspirate supernatant  
11. Add 1ml of DMEM and re-suspend carefully  
12. Transfer PBMC to a cryovial 
 
c Method: Cryopreservation protocol  
1. Prepare freezing medium:  





3. 40% DMEM  
4. 10% DMSO  
5. Centrifuge cryovial containing samples at 2500 rpm for 5 minutes  
6. Aspirate supernatant  
7. Add 1.5ml of freezing medium to a cryovial 
8. Place cryovials in Styrofoam racks and place another Styrofoam rack on top  
9. Place Styrofoam rack in -80°C freezer for 24 hours and then transfer to a liquid nitrogen 







APPENDIX 9: MATERIALS AND METHODS: STANDARD HISTOLOGICAL PROCEDURE 
a Materials:  
1. Dissecting kit 
2. Tissue processor 
3. Tissues cassette 
4. Embedding machine 
5. Embedding moulds 
6. Paraffin wax  
a. Xylene  
b. 70%, 80%, 95%, 99% ethanol  
c. 10% formalin 
 
b Methods: Tissue processing 
1. Section the pancreata and place the head and the tail portions into two different 
cassettes 
2. Label the cassettes 
I. Fix tissue in 10% formalin for 48 hours  
II. Process the tissue in an automatic processor using protocol in table below  
Tissue processing protocol 


















Step  Solution  Time (min)  Temperature (ºC)  
1  10% Formalin  30  Room Temperature  
2  70% Ethanol  30  Room Temperature  
3  96% Ethanol  30  Room Temperature  
4  96% Ethanol  30  Room Temperature  
5  99.9% Ethanol  30  Room Temperature  
6  99.9% Ethanol  30  Room Temperature  
7  99.9% Ethanol  30  Room Temperature  
8  Xylene  30  Room Temperature  
9  Xylene  30  Room Temperature  
10  Paraffin  60  60  
11  Paraffin  60  60  





c Materials- Routine histological staining  
1. 10% Formalin  
2. Surgical blade  
3. Embedding cassettes (SPL Life Science, Pocheon, Korea)  
4. Paraffin wax  
5. Leica EG 1160 Embedder (Leica Biosystems, Wetzlar, Germany)  
6. Leica Autostainer XL, ST5010 (Leica Biosystems, Wetzlar, Germany)  
7. Leica RM 2125 RT microtome (Leica Biosystems, Wetzlar, Germany)  
8. Leica Bond Autostainer (Leica Biosystems, Wetzlar, Germany)  
9. BondTM Software 2009, v4.0 (Leica Biosystems, Wetzlar Germany)  
10. Xylene (Kimiz Chemicals, Cape Town, RSA)  
11. 99% & 96% Ethanol  
12. Acid alcohol (1%)  
13. Mayer’s Haematoxylin (Kimix Chemicals, Cape Town, RSA)  
14. Eosin Yellowish (Kimix Chemicals, Cape Town, RSA)  
15. Plastic slide rack  
16. Ammonia (0.2%)  
17. Bio-Scan Microscope slides frosted (Trifal Imaging, Chatsworth, USA)  
18. Bio-Scan Microscope slides positive charge (Trifal Imaging, Chatsworth, USA)  
19. Coverslips 
20. PDX Mountant (Kimix Chemicals, Cape Town, RSA)  
 
d Methods: H&E staining protocol  
1. Program autostainer according to the procedure below and place plastic rack 
containing slides into autostainer 
2. After completion of the staining procedure, mount a coverslip on the glass slides with 
PDX  
 
H&E staining protocol 
Step  Solution  Time  Repetitions  
1  Oven (60˚C)  2 min  x1  
2  Xylene  5 min  x2  
3 Ethanol (99%)  2 min  x2  
4 Ethanol (96%)  2 min  x1  





6 Tap water  2 min  x1  
7 Haematoxylin  8 min  x1  
8 Running water  5 min  x1  
9 Eosin  4 min  x1  
10 Running water  1 min  x1  
11 Ethanol (70%)  30 sec  x1  
12 Ethanol (96%)  30 sec  x2  
13 Ethanol (99%)  30 sec  x1  





APPENDIX 10: CASTING PROCEDURE 
I Pre-casting solution 
A Phosphate buffer saline (PBS) 
 
Materials and method 
1. For 1 litre of 1X PBS, prepare as follows: 
2. Start with 800 ml of distilled water: 
3. Add 8 g of NaCl. 
4. Add 0.2 g of KCl. 
5. Add 1.44 g of Na2HPO4. 
6. Add 0.24 g of KH2PO4. 
7. Adjust the pH to 7.4 with HCl. 
8. Add distilled water to a total volume of 1 litre. 
 
B 2% Glutaraldehyde 
Purchased at that concentration 
II Preparation of the casting medium 
a Materials 
1. PUii resin: 20g (VasQtec) 
2. 2-Butanone (Sigma): 12g 
3. Pigment: 20mg 
4. PUii hardener: 2.4g 
5. Scintillation vial (20ml) with a screw cap 
6. Preparation 
7. Use scintillation vial 
8. Weigh the 2-butanone 
9. Add the pigment and dissolve.  
10. Then add the resin mix. This mixture may be kept for several minutes to hours when 
tightly covered.  
11. Shortly before casting.  
12. Add 0.8g of hardener, stir well. Hardener has a short shelf life and should be covered 
with drt gas XTEND-IT from SMOOTH-ON (www.smooth-on.com) after each opening. 
13. Remove air bubbles in the resin. 
14. Fill into the perfusing syringe and inject immediately. 





APPENDIX 11: MATERIALS AND METHODS- FLOW-CYTOMETRY CELL LABELLING 
1. Materials:  
2. 15 ml centrifuge tubes  
3. 100 ml tubes  
4. Micropipette  
5. Beckman Coulter 5 ml flow cytometry sample tubes (Beckman Coulter Inc., California, 
USA)  
6. Roswell Park Memorial Institute medium (RPMI)  
7. Fetal Bovine Serum (FBS)  
8. Phosphate-buffered saline (PBS)  
9. Waterbath  
10. Centrifuge  
11. Beckman Coulter Navios, 10 colours, 3 lasers (5+3+2 configuration) (Beckman Coulter 
Inc., California, USA)  
12. Beckman Coulter Kaluza Software v1.3 (Beckman Coulter Inc., California, USA)  
13. Navios Software v1.3 (Beckman Coulter Inc., California, USA)  
14. Markers:  
15. PROM-1 polyclonal antibody/CD133 (Abnova, Taipei City, Taiwan)  
16. Anti-CD31 antibody-FITC (Abcam, Cambridge, UK)  
17. Anti-CD34 antibody-PE (Abcam, Cambridge, UK)  
18. Anti-CD45 antibody-AF700 (BioLegend, California, USA)  
19. Zombie Violet™ Fixable Viability Kit (BioLegend, California, USA)  
20. APC Conjugation Kit (Abcam, Cambridge, UK) Add 20 μl modifier (purple cap) with 
200 μl CD45 antibody and mix  
21. Method: conjugation of CD133 withAPC67 
22. Add the previous mix into conjugation vial and re-suspend gently  
23. Incubate at room temperature in dark for 3 hours  
24. Add 20 μl quencher (blue cap) to the solution and mix gently.  
25. After 30 minutes the conjugated antibody is ready to use  
26. Method: Thawing of PBMC samples  
27. Prepare Zombie violet solution  
28. Dilute 1 μl of zombie violet with 100 μl of DMSO (included with Zombie violet kit) and 
mix gently  
29. Prepare wash buffer  
30. Add 5 ml FBS in 45 ml RPMI and mix gently  





32. Add 2.5 ml of FBS to 47.5 ml of PBS and mix gently  
33. Thaw cells  
34. Heat water bath to 37°C  
35. Swirl cryovial containing frozen PBMC until a small amount of ice is left in the tube  
36. Transfer PBMC to 15 ml tube  
37. Add 1 ml of warm wash buffer drop-wise  
38. Centrifuge tube at 2500 rpm for five minutes  
39. Remove supernatant  
40. Resuspend cells in 10 μL zombie violet solution  
41. Incubate solution 10-15min at room temperature in the dark  
42. Add remaining antibodies  
43. CD31: 0.5 μL  
44. CD34: 1 μL  
45. CD133: 2 μL  
46. CD45: 2 μL  






APPENDIX 12 FLOW CYTOMETRY TECHNIQUES 
Method: Creating a new protocol on Navious software v1.3  
1. Select File>New Protocol  
2. Save or discard the current protocol to clear the workspace  
3. Select Cytometer>Cytometer Control to select the parameters for this protocol  
I. Click on the Parameters button  
II. Click on the Shutters to enable/disable the respective lasers  
III. Select the following parameters:  
-FS – Integral Lin, Peak Lin  
-SS – Integral Lin  
-TIME  
-Integral Log for FL parameters  
IV. Deselect the parameters, not in use and select OK  
V. Type in a new name for your protocol and select Save  
4. Create Dotplots  
I. To change X and Y parameters, move the cursor to the lower right of the plot 
until it changes to the >>> icon  
II. Click to change the desired parameters  
III. Create as many dotplots as is required  
IV. Use CTRL + D to duplicate a plot  
V. Use CTRL + T to arrange the plots  
VI. Drag and drop in the desired order  
VII. Use the new row symbol before each plot that starts a new row  
5. Adjust Cytosettings  
I. Select Cytometer>Cytometer Control and then Acquisition Setup tab (default)  
II. Select Setup Mode  
III. Select Quick Set  
IV. Select the desired discriminator parameter and then use the slider bar to adjust 
the channel values  
-Only FS between 100 and 150  
-This allows you to exclude debris from your analysis  
6. Adjusting target voltages and gains with a specific sample  
I. Keep the Cytometer control window open  
II. Place a sample in the system (position 21)  
III. Select the icon to run the sample  
IV. Adjust the voltage first (try not to go above 700 for FS and SS)  





- Or use the sliders in the Cytometer Control window  
- You will see that the voltage will need to go higher than is desirable.  
V. Now adjust the Gain  
-You should see good separation of subpopulations  
-It is better to have lower voltage and higher gain  
7. Create regions and quadrants  
I. If you get stuck while creating a region/gate, press ESC  
II. Create a Flow Page if desired  








APPENDIX 13: IHC STAINING PROTOCOL AND MANUAL REHYDRATION 
No heat retrieval was used Modified F protocol staining steps 
Step  Solution  Incubation time  Temperature  
1  Bond Wash Solution  0 min  72˚C  
2  Bond Wash Solution  0 min  72˚C  
3  Bond Wash Solution  0 min  Ambient  
4  Alcohol  0 min  Ambient  
5  Alcohol  0 min  Ambient  
6  Alcohol  0 min  Ambient  
7  Bond Wash Solution  0 min  Ambient  
8  Bond Wash Solution  0 min  Ambient  
9  Bond Wash Solution  0 min  Ambient  
10  Bond ER Solution 1  0 min  Ambient  
11  Bond ER Solution 1  0 min  Ambient  
12  Bond ER Solution 1  20 min  100˚C  
13  Bond ER Solution 1  12 min  Ambient  
14  Bond Wash Solution  0 min  35˚C  
15  Bond Wash Solution  0 min  35˚C  
16  Bond Wash Solution  0 min  35˚C  
17  Bond Wash Solution  3 min  Ambient  
18  Peroxide Block  5 min  Ambient  
19  Bond Wash Solution  0 min  Ambient  
20  Bond Wash Solution  0 min  Ambient  
21  Bond Wash Solution  0 min  Ambient  
22  Primary Antibody 1  30 min  Ambient  
23  Bond Wash Solution  0 min  Ambient  
24 Bond Wash Solution  0 min  Ambient  
25 Bond Wash Solution  0 min  Ambient  
26  Post Primary  8 min  Ambient  
27  Bond Wash Solution  2 min  Ambient  
28  Bond Wash Solution  2 min  Ambient  
29  Bond Wash Solution  2 min  Ambient  
30  Polymer  8 min  Ambient  
31  Bond Wash Solution  2 min  Ambient  
32  Bond Wash Solution  2 min  Ambient  
33  Deionized Water  0 min  Ambient  
34  Mixed DAB Refine  0 min  Ambient  
35  Mixed DAB Refine  10 min  Ambient  
36  Deionized Water  0 min  Ambient  
37  Deionized Water  0 min  Ambient  
38  Deionized Water  0 min  Ambient  
39  Haematoxylin  5 min  Ambient  
40  Deionized Water  0 min  Ambient  
41  Bond Wash Solution  0 min  Ambient  
42  Deionized Water  0 min  Ambient  
43  Primary Antibody 2  15 min  Ambient  





45  Bond Wash Solution  0 min  Ambient  
46  Bond Wash Solution  0 min  Ambient  
47  Post Primary AP  20 min  Ambient  
48  Bond Wash Solution  2 min  Ambient  
49  Bond Wash Solution  2 min  Ambient  
50  Bond Wash Solution  2 min  Ambient  
 
Rehydration steps 
Step  Solution  Time  Repetitions  
1  Ethanol (70%)  5 dips  1  
2  Ethanol (96%)  5 dips  1  
3  Ethanol (99%)  5 dips  1  
4  Xylene  1 min  2  
 
IHC- Antibody 
Antibody  Source  Antibody ID  Clonality  Raised in  Volume  Dilution  
Anti-CD34 
antibody  
Abcam  AB81289  Monoclo
nal  





APPENDIX 14: IMAGEJ FLOWCHART FOR CELL DENSITY 
Particle counting was done either automatically or by the “Point Picker”. The chart below 

























1-Original image (Tiff) transported to Fiji 
(ImageJ) 
2-Select a ROI in the islet core, clear 
outside the ROI, magnify for better 
viewing then measure the surface area 
(optional) 
3-Change the image to type/8-bit  
4-Convert the image to a binary image 
with the “Threshold “command,Separate 
overlapped nuclei using watershed button 
 
5-Menu command:Analyze 
6-Analyze particles (size and number) 
7-Caculate cell density: ratio of cell 





APPENDIX 15 PREPARATION OF METHENAMINE STAIN SOLUTION 
a Solutions 
Periodic acid, 0.5% aqu.  
Yellow gold chloride, 0.2% aqu.  
Sodium thiosulphate, 2.5% aqu. 
Neutral red, 1% aqu. 
Stock Methenamine silver 
Methenamine, 3% aqueous 100mL shake until the precipitate redissolves. 
Silvering of the container indicates deterioration. 
Silver nitrate, 5% aqu. 5mL 
Working Methenamine silver 
Stock Methenamine silver 50mL Make just before use and preheat to 50°C. 
Borax, 5% aqu. 5mL 
Tissue sample 
3µL paraffin sections of neutral buffered formalin.  
 
b Method 
1. Bring sections (Duodenal and splenic) to water via xylene and ethanol. 
2. Oxidise with 0.5% periodic acid for 15 minutes. 
3. Rinse well with tap water. 
4. Rinse with distilled water. 
5. Treat with methenamine silver solution at 50°C. until impregnated (up to 3 hours) 
6. Wash with distilled water. 
7. Tone with 0.2% gold chloride solution for 2 minutes. 
8. Rinse with distilled water. 
9. Fix in 2.5% sodium thiosulphate for 3 minutes. 
10. Wash well with running tap water. 
11. Counterstain with, neutral red. 
12. Rinse with tap water. 
13. Dehydrate with ethanol, clear with xylene and mount with a resinous medium. 
 
Expected results 
Basement membranes – black 
Oxidisable carbohydrates – black 
Background – as counterstained 
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